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The rates of reaction of the constituents of sodium-potassium 
alloy with water have been determined in the temperature 
range 20 
- 
600C. They fall into two categories; the first 
is applicable to the instant the alloy meets the water, 
and the second appl-, Ies to reaction of the metal throuCh a 
bubble of hydro7en. The rý-Aes are widel-,, different for 
, 
these tJ-, 'O stages, yet the activation energies are similar, 
being 38-3 and 33-0 KJ/mole respectively for sodium, and 
24-5 and 27-3 KJ/mole respectively for potassium. The 
rate of reaction of sodium alone at 300C, has also been 
determined. 
The behaviour of liquid metals , The-L-i injected into 
water has been studied by high speed photography. Such 
jets disintegrate, after a short distance of travelt into 
small globules, each contained within a hydroCen gas bubble. 
These globu-les then travel upwards through waterp and CD 
consequently react much more slowly* 
The reaction rate may be reduced by the addition of 
small concentr, -: ýtions of mineral acids to the water, due to 
the, formation of salts at the : -: ý, etal---water interface which 
are less soluble than sod-ium hydroxide. Strong solutions 
of acid how-ever, increase the rate of reaction. The 
addition of hydroxide ions as 1,, H 4 OH has little effect on 
the rates. 
The metals undergo secondary reaction in that the 
hydrogen which is initially formed subsequently reacts 
with the metal to produce hydrides. These are eventually 
hydrolysed. 
The most probable reaction intermediate in the solution 
phase of the reaction is the solvated electron, e (aq)' 
which has been detected photOEraphically diie to its 
absorption of light in the visible region of the spectrum. 
Overall reaction mechanisms for both re=tion in solution 
and reactions at the metal surfaxe have been proposed. 
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HAPTERI 
I JýT TRODUCTION 
Interest in the chemistry of the alkali-metals, and 
more particularly, in the chemistry of sodium has developed 
in recent years as a consequence of the development Of 
the Liquid Metal Cooled Fast Breeder Reactor (L. M. F. B. R. )o 
This generation of reactors, the fourth in the United 
Kingd-ý, m- is already at an advanced stage of development, 
since their commercial use may be necessary in order to 
fill the 'energy gap' expected to occur towards the end 
of this centuryel The use of fast reactors rather than 
thermal (moderated) reactors will extend the lifetime of 
known deposits of the main nuclear fuelv uranium, due to 
the breeder properties of the reactor. If uranium fuel is 
used in the more conventional thermal reactors e. g. gas 
cooled (Magnoxp A. G. R. ) or water cooled (P. W. R., 8. G. H. W. R. etc) 
reactorsq known deposits of uranium will supply approximately 
2Q energy equivalent2l where QZ -the energy from 30,000 
tonnes of good quality coal. The equivalent figure for 
exclusive fast reactor use of the fuel is 100 Qo 
Corresponding figures for estimated, as opposed to knowny 
uranium deposits are 12 Q and 6oo Q, 
Conduction of heat energy from the core of such a 
reactor creates many problemse These problems have been 
partially solved by the use of a liquid alkali-metal coolant. 
The Dounreay Fast Reactor (D. F. R. ) used 501000 Xg of sodium- 
potassium alloy with composition 70 wt* % Na in a liquid 
metal coolant loop*3 This reactor, recently shut down, 
was an experimental 60 M W. machine. The new Prototype 
Fast Reactor (P. F. R. ), also at Dounreay in Scotland, uses 
approximately 11000,000 Kg of liquid sodium as coolant, 
and is planned to generate 250 1, W. of electricity. There 
are already designs for the construction of a 1300 M W- 
commercial prototype fast reactor in Britain64 
2 
In fast reactors, the uraniurn or plutonium ceramic 
fuel (oxide or carbide) is clad in stainless steel pins, 
and these are surrounded by more pins containing natural 
uranium as its oxide (natural uranium contains 0*718% U235, 
the fissile isotope, and 990276% U238, the fertile isotope 
as its major constituents). The whole assembly is then 
immersed in the liquid metal coolant. Heat is generated due 
to the nuclear reactions represented by Equations 1.1,1.2. 
94p' 239+ ()nl 
-: ý 94pu24() +, fission fragments I+ 0@8416eV (101) 
52 U235 + On'--->92U236 +'fission fragments' + 0*791, IeV (1.2) 
The heat removed by circulating metal is transferred to 
an intermediate (sodium to sodium) exchanger, and from 
there to a secondary (sodium to water) exchanger, or 
steam generator. Figure 1,1* shows the main features 
of this system. 
The physical properties of sodium make this metal an 
ideal choice as coolant in these reactors. 
5 The important 
physical properties are listed in Table lol., in comparison 
with other possible reactor coolants. One drawback in 
this context is that the alkali-metal in the primary 
circuit acquires intense radioactivity from the core*6 
The chemical properties of the alkali-metals, howevery 
lead to difficulties and potential dangers in their use 
as L. M. F. B. R. coolants. The chemistry is dominated by 
the loss of a single electron from the outer shelly and 
the ease with which this occurs determines the relative 
reactivity of the Group I elements. The molar ionisation 
3 
KEY TO FIGUHE 1.1. 
A. Primary sodium pump. 
B. Core instrumentation and control rods assembly. 
Ce Fuel handling mac",. -dnes. 
D. Intermediate heat exchanger. 
E., Sodium-hydrogen separator. 
F9 Contaminated sodium dump tank. 
G. To vent stack. 
H. Secondary sodium pump. 
I. Steam, generator (Secondary heat exchanger). 
J. ý3tainless steel primary vessel. 
K. Water in, 
L. Steam out. 
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TABLE 1.11 
PHYSICAL PROPERTIES OF REACTOR COOLANTS 
Sodium Water Carbon Dioxide 
Cross section for 
thermal neutron 0: 33(H 364(0) 
capture_(milliýýrns) 400 0 18(0 0-18(0) 
Thermal conduc- 
tivity at 1000C 0-66(l) (w, m-l 88(l) 0*0239(g) 0*0174(g) 
Liquid range ( OC) 97.8 0*0 
-882*9 -100.0 
Density (g/cm') 
at 298 K 0*97 1.100 
-78-5 (sub) 
Qý 
6- 
energies for the reaction 1*3 are the lowest of all the 
tl+ (1.3) 
elements and range from 520 KJ/mole (lithium) to 
380 Ki/mole (caesium). The second ionisation energies 
i*e* for reaction 1#4 j are considerably higher, and range 
, 
M2+ (1 
* 
from 7300 KJ/mole (lithium) to 2400 KJ/mole (caesium). 7 
The metals, therefore, exhibit only the +1 oxidation state 
in their compounds. The most familiar reaction of the 
alkali-metals iso perhapsy the reaction with water (Equation 
1*5), and this has a special relevance to the L. M. F. B. R. 
M+ H20 ýM0H+ jH2 
coolant circuit. 
There is a possibility of chemical reaction in the 
secondary heat exchanger due to a leak in the stainless 
steel dividing wall, 
8 The partition is only 2o3mm thick, 
in order to give good heat conduction between the liquid 
sodium (350 - 5200C, 350 - 1000 KPa) and water (260 -480'C, 
up to 17,000 KPa)o 9 It can be seen from the pressures of 
the two liquids that in the event of a leak, water will 
be forced into the liquid sodium side of the partition. 
Under these conditions, a non-explosive reaction results9 
since the reaction products dissolve smoothly in the liquid 
metal (Equations lo6,1.7 and lo8). Also, there is no 
local heat build-upl the heat generated being conducted away 
in the liquid sodiumo This is the expected reaction sequence 
7 
Primary reaction: 
Na (excessl )+H20 (11g) -) Na 0 (s 
10 
+H2 (g) 
Secondary reactions: 
Na(l) +- 1-H2 NaH(, ) 2 ('. 7) 
2Na(1) + NaOH(s) Na 0 12 2 ý) + 
NaH (s) 
when the sodium is in excess and when the temperature in the 
system is above the melting point of sodium hydroxide (318 C). 
The main problem arising from such a leak is the 
enhanced corrosive nature of liquid sodium when it contains 
small quantities of the reaction products Na 20 
13 
1 NaH 
14 
and NaOH 
150 Another problem is the temperature rise due 
to the reaction. Temperature rises of up to 1175 OC have 
been reported for sodium-water reactionsp the theoretical 
temperature rises, for metal initially at 4710 CP 
being 1588 " C, (constant pressure) and 1682 0C (constant 
volume)* 16 
This flow of high pressure fluid (H 2 O(l) 
/H2 O(g) 
into relatively low pressure liquid (Na(l)) is the major 
process occurring, but it is not the only one* Some metal, 
in fact, is found on the water side of the ste=- generator. 
One of the methods of detecting leaks depends upon this 
fact. It is possible then, that the minor process (Equation 1.9) 
occurs, the reaction shown being the same at all temperatures* 
Na(, ) +H 20(excess) - NaOH -1-2112 
8 
All the products of this readtion do not dissolve smoothly 
in the medium, in this casep water. A large volume of 
hydrogen gas is produced* This may be dangerous for two 
reasons: 
- 
(i) increased gas pressure in the exchanger, 17 
and (ii) the formation of an explosive ( >elo 02)H2 /0 2 
mixture. 
18 
It is important, then, to understand the chemistry 
of sod-ium/water reactions at a leak site in order to 
facilitate rapid leak detection. Current methods of 
detecting leake. are: 
19 
(i) detection of NaH in Na(, ) 
(ii) detection of H2 in gas space 
above Na fý 
- 
. 
- 
I 
-- - _- 
N 
---- -- -- -i 
-socuum sicLe-, 
k. L JL JL I L-J-; Ju L11 guZ3 Ispaut: et 
above Na 
(iv) temperature rise in Na 
(v) PH of boiler water 
(vi) detection of Na + in "water side" 
boiler water by flame 
photometry 
A knowledge of the chemistry may enable improvement of 
these methods to be made, and indicate which method is best 
under certain circumstances. 
From a fundamental chemical point of view, the reaction 
between the alkali-metals and water also ýcommands considerable 
interest. The reaction has been examined under a wide variety 
of conditions. Generally, the reaction rates and reaction 
products depend primarily on the physical states of the 
reactants. Using solid metall experiments have been carried 
out on the system Na (s )+ 1V (, ) using sodium 'mirrors' 
deposited from the vapour. With liquid metal, the reaction 
between Na (1) and H20 (g) has been followed whilst the metal 
was agitated by electromagnetic pumps. The reaction 
Na(, ) + H20(j) has also been examined, with a view to 
determining the most likely intermediate species in the 
reaction* A range of values for the activation energy (E') 
9 
and rate of reaction at various temperatures have been 
reportedq depending on the physical states of the reactantso 
whether or not the reaction products remain as a physical 
barrier between the reactantst and in the case of H20 (g) 
experiments, whether static or flowing gas systems are used. 
The reaction between Na(l) and H2 0(l) using a liquid 
alkali-metal jet beneath the surface of water promised to 
be useful for several reasons, *- 
(i) the physical processes occurring could be 
followed using optical methods (photography 
etc) if glass apparatus were used. 
(ii) 
-vrith a thigh speed' jet, the H2 O/Na contact 
time i. e. the time elapsing before separation 
of the reactants by product layers, would 
increase, thus facilitating more accurate 
timing of the reaction. 
(iii) solid, water soluble products may be removed 
into excess water. 
(iv) several products have been observed during 
sodium-water reactions ( NaOHI H 2' NaH 
Na 2 01 Na'ý02 ) depending upon reaction 
conditions. The correct observation and 
determination of these products in the reaction 
Naw +H20 (1) would add considerably to 
existing knowledge of alkali--metal chemistry* 
SCOPE OF THE WORK 
Simulation of a leak in the stainless steel partition 
dividing liquid sodium from water in the secondary heat 
exchanger is not a practical possibility on a laboratory 
scale. However, if the two processes occurring during 
such a leak (sodium + water (excess) - minor process and 
sodium (excess) + water - major process) can be separated, 
and studied independently, useful information may be 
f orthcomingo 
This work was an attempt to simulate the minor process 
and to provide information on the rates of reactionj 
reaction stoichiometry and reaction mechanism to help 
rationalisation of the minor process. 
There are important differences, however, between 
such a laboratory simulation and a real leak. Firstly, 
water in the heat exchanger itself is either in the form 
of steamp or is highly pressurised at high temperatures. 
Secondly these simulations were carried out using glass 
apparatus. This ignores the problems of leak enlargement 
due to corrosion of the stainless steel by sodium hydroxide, 
which is a reaction product in both the major and minor 
processes. 
By simplifying the processes occurring thusy a picture 
of the basic reactions could perhaps be built up* 
11 
CHAPTER II 
REVIEW OF PREVIOUS WORK 
291 INTRODUCTION 
This chapter revievjýthe two distinct systems: 
- 
H20(vapour) 
-----: > products 
YH 20 (liquid) 
----4 products 
(1-, 1 = Li p Na 9K) 
Rubidium and caesium will feature to a smaller extent 
since7 firstly, only the first three Group I metals have 
been proposed for coolant materials in nuclear reactors. 
Lithium may have applications as a fuel and coolant in 
fusion reactors; 
20 
sodium, and to a lesser extent, 
potassium (as sodium-potassium alloy) have already been 
used as L. M. F. B. R. coolants. Secondly, it is well 
established that the reactivity of the alkali-metals 
increases down the group, and the number of papers 
published on the reactions of any given metal seems to 
have an inverse relationship with the reactivity of 
that metal. 
Although this thesis deals primarily with experiments 
involving liquid water, it is not desirable to exclude 
the reactions of water vapour in the review. Thus in 
the familiar sodium/water experiment where sodium is cut 
into small pieces and placed on the surface of a pool 
of water, there is a rapid initial reaction (Equation 2-1) 
Na(, ) +H 2C) ( ) ) hTaOH(, )+ -21, ýH 2 (g) (2ol) 
12 
but then sodium is seen to skid along the surface of the 
water, separated from it by a 'trapped bubble' of hydrogen 
gas. This gas spacel however, also contains water vapour, 
from the vapourisation of the bulk water. At this stage, 
the much slower reaction (Equation 2.2) predominates. 
lja (s93 ) I H20 (g) ----) NaOH + -2: ý aH2 (g) (2.2) 
The subscript (spl) indicates that sodium fuses in contact 
with water. Reaction 2.1 may also continue during this 
stage, but the gaseous molecules much reduce the contact 
time between the two reactants. 
2*2 M+H20 
Duev perhapsl to the relatively low chemical reactivity 
of lithium as compared with the other alkali-metals, and 
hence the relative ease with which reaction rates can be 
measured, the system Li(s + H20(g) is the most 
researched7 and hence the best understood of all the 
alkali-metal/water vapour reactions* 
In air, the rate of oxidation of lithium is known 
to increase with increasing huiaidity. 
21 At 50-70% 
humidity clean lithium darkens (LiOH can be blackp due 
perhaps to excess metal, forming a non-stoichiometric 
compound) at 10-30 times the rate in a 1% humid atmos- 
phere. This is attributed to the breakdown of the highly 
protective lithium oxide film by water vapour (Equation 2-3) 
13 
Li 2 O(S) +H 20 g) 2LiOH ) (2*3) 
Lithium nitride, Li 3 N, may also be formed if there is 
moisture in the air, 
22 
and this may be correlated. with 
the formation of LiOHI since this acts as a catalyst for 
nitride formation. 
23 The rate of oxidation in these 
mixed ("20/0 2) atmospheres increases, as expected, with 
increasing temperature up to 350C- 
Several authors have investigated the system 
Li(s) + H20(g) using water vapour or water vapour/ 
inert gas mixtures, but excluding oxygen from the system# 
Deal and Svec 
24 
observed pressure changes in the system 
using rods of lithium. With pressures between 2,93 and 
13-3 KPa they obserVed a logarithmic rate law, consistent 
with gas/solid reactions where protective film formation 
occurse The rates measured at temperatures between 45 and 
750C gave an activation energy of between 23 and 26 
Ki/mole. At pressures below 7-32KPa they found that the 
rate was independent of pressure. They also stated that 
the activation energy for the reaction decreased at these 
higher pressures. 
Using partial pressures of water vapour of 1.68 KPa 
diluted in argon, at temperatures between 20 and 450C, 
Irving and Lund 
25 
recognised three reaction stages: - 
(i) linear rate, pressure dependent (pressure< 0.612KPa) 
(ii) logarithmic rate law, pressure independent (0.612 
- 
1.68 KPa). 
(iii) linear rate, pressure dependent (>0.612KPa). 
Besson and Pelloux 
26 
carried out the same reaction 
in the range of conditions 35 - 800C, and O-4KPa - 14.67KPa- 
They agreed with the above findings, but stated that 
stage (iii), reported above, only occurs when the pressure 
of water vapour is higher than the dissociation pressure 
of lithium hydroxide monohydrate, LiOH. H 2 0. The process 
14 
when the pressure was higher than this value h-a-d an 
activation energy of 58.6 KJ/moles Below this pressure, 
the activation energy was 41*2 Ki/mole. 
The above findings can be explained in terms of 
three reaction stages: - 
W uniform coverage of the lithium surface by 
hydroxide giving a lineart pressure dependent 
rate law (Equation 2-4) 
Li(s) +H 20 (g) ) LiOH(s) + -21H2(g) (2*4) 
(ii) growth of a protective hydroxide film, 
accompanied by nucleation and growth of 
lithium hydroxide monohydrate at the outer 
surfaces of the film, leading to a pressure 
independent logarithmic rate law (Equation 2-5) 
LiOH( 
s)+H 20(g) ) LiOH, H20 (S) 
(2-5) 
(iii) diffusion of water to the metal surface, through 
the porous hydrate, giving a pressure dependent 
linear rate law. 
These stages are shown in Figures 2.1 and 2.2. 
The system Na ( st 1) + H20(g) is not so well understood* 
Again, water is known to catalyse the oxidation of sodium 
in the mixed oxidising atmosphere H20 ýg/021 the rate 
increasing vrith increasing humidity 
2 due to the preliminary 
step shown by Equation 2.6. 
15 
FIG. 2.1 Stages in the reaction Li 4. Ll 
-týýg)- 
UOH. H 0 
^2 
Mina 
ej 
-m- E= 
Fl Rate curves for Li +H0 
-ýý2 (9) - 
EL i0 1-1 ] 
LIOH 
Li 
Ti me 
16 
+H 20 OH- 
1 
*H 2 (2.6) 
In water vapour/inert gas mixtures at least two 
reaction stages have been reported. Corneo and Sannier 
28 
observed a parabolic, leading to a linear rate law using 
vapour pressures of 2.67 KPa. The slope of the graph 
log. K against l/T was linear up to the melting point of 
sodium, giving an activation energy of 20.9 Ki/mole. The 
conclusion from this work was that the rate of reaction 
was controlled by the migration of Na + ions through the 
hydroxide, since hydrated sodium hydroxide, NaOH. H 20 was 
considered too porous to provide an effective barrier 
to further reaction. Besson and Pellaux 
29 
, 
using 
pressures in the range 0-33 - 4-0 KPa and temperatures 
of 40 
- 
2400C, also claimed an initial parabolic rate 
law at temperatures below 1790C during the formation of 
NaOHI with a linear second stage observed for both 
Na(, ) '5ý 9eC and Na(l) 'ý 1300C. A third stagel inter- 
mediate between linear and parabolic complicated the 
system even further during the formation of hydrated 
sodium hydroxide. 
The reaction may also be complicated by the formation, 
under certain conditions, of reaction products other than 
sodium hydroxide, its monohydrate, and hydrogen. 
Pulham and Simm 
30 
used water vapour in -the pressure 
range 7-32 - 8.65 KPa in the reaction with liquid sodium 
at 300 - 4500C. Two reactions (Equations 2-7 and 2.8)occurred, 
2Na +H 20 
ý NaOH + NaH (2-7) 
2Na + NaOH ý N, a20+ NaH (2.8) 
2.8 tending to dominate at low water vapour pressures i. e, 
17 
when the sodium could be considered to be in excess. 
McKnight and Brockway 
31 
provided confirmation of 
the above results by analysing the products using reflected 
X--ray diffraction techniques. The products were identified 
as sodium oxide and sodium hydroxide. The unfamiliar 
oxide product appears when the temperature of the reaction 
is at or above the melting point of sodium hydroxide (318-40C) 
Above this temperature, reaction 2.8 occurs if the sodium 
is in excess. At higher temperatures, trace amounts of 
sodium peroxide have been detected by Wollen et al 
32 
according to reaction 2.9. Again, the sodium is in excess* 
410, C 5 
2Na + 2H 0> Na 0+ 2H (299) 27222 
Addison and Manning 
33 
, 
in addition to observing the 
previously described rate laws i. e. rapid initial coverage 
followed by a parabolic rate law followed by a linear rate 
law, also detected sodium hydride in the reaction between 
H2 0(g) and both Na(s) and LTa(, )* The hydride was formed 
under conditions of: 
(i) high pressure (> dissociation pressure of NaH) 
and (ii) low temperature (NaH is unstable above 2500C 
with low hydrogen pressures. 
The overal-1 process is described by Equation 2.10, where 
NaOH 100 d"i> Na 20+ NaH 
(2.10a) 
p< p dý Na 0+H (2.10b) 11. 
- 22 
Pd is the dissociation pressure of sodium hydride. 
18 
Up 
Very little data is available on the reaction K+H20 
Experiments have been carried out by Saltsburg 
34t35 
using 
flow methods in the reaction between water vapour and 
sodium-potassium alloy. Due to complications in the 
measuring techniques no rate data were forthcoming from 
this work. 
2.3. H20 
The previous section has shown that the most important 
factor dominating the chemistry of the alkali--metals in 
their reaction with water vapour is tha nature of the solid 
product protective film. In the case of lithium, this 
may extend to the reaction with liquid water, and the 
relative insolubility of lithium hydroxide may be the reason 
in part for the slower rate of reaction of this metal with 
water, when compared to the rest of the Group I elements. 
The products NaOHj NaH, and Na 20 are all very 
soluble in liquid water, however, so that other factors 
become more important for the reaction Na (s or 1) +H20 
When a small piece of sodium is placed on the surface 
of a pool of water, the reaction can be explained in terms 
of Equations 2.11,2.12, and 2-13 
36 
1 2-13 being an explosive 
4- 
IT Na (sl') + H2o(19g) Ja (aq) + OH (aq) + 
-2'H2(g) (2.11) 
2Na(S, 
I) + -2 ý Na 0 (2.12) 1()2 (g) 2 (S) 
H 102 H0 (2*13) 2 (g) 
!l 
chain reaction. 
37 Results are different when oxygen is 
19 
excluded. Dumm, and 00-workers 
38 broke sodium-filled tubes 
beneath the surface of liquid water. They concluded that 
hydrogen was prod-aced between regions of sodium and water 
after the very rapid initial reaction (Equation 2.1. ) 
This was followed by reaction 2.2 since the sodium fused in 
contact with water. 
I. Iitaka 39 carried out the reaction between solid 
cubes of lithium, sodium and potassium, and water/acid 
solutions. He concluded that the metals reacted not 
only with the water molecules, but also with hydrogen 
ions (Equations 2-14y 2o15 and 2.16) even at very 
low hydrogen ion concentrationso 
2H ++ 2M >H 2+ 21,1+ 
2H20 + 2M 
(2-14) 
H+ 2+ 2M + 20H (2.15) 
H 20 \ 
'A H++ oir (2.16) 
M. M. Markowitz 36 decided that certain physical effects 
determined the rate of reaction, and could be used to 
explain the relative reaction rates of the alkali-metals. 
These effects are: - 
(i) The number of metal atams exposed to the water. 
Table 2.1 shows that this number does in fact 
rise from lithium-to sodium. The variation 
down the rest of the group, however, does not 
tally with the observed reaction rates, which 
are known to increase down the group. 
(ii) The melting points of the metals. With all 
the metals except lithium, the maximum water 
20 
TABLE 2.1 
PROPERTIES OF THE ALKALI-14ETALS HAVING AN EFFECT ON 
THEIR RATE OF REACTION WITH WATER 
-6H (KJ/mole) for M(, ) +H) ----) MOH +H 
36 
20(l (aq) 2 (g) 
- 
Li Na K Rb Cs 
508 469 481 475 478 
(b) No. of atoms(; <1014) exposed on immersion of a lmm c-ube.. 26 
Li Na K Rb Cs 
26,1 36.1 18.2 18-5 15-7 
(c) Solubility of metal hydroxides in water (moleýo)' 
Li Na K Rb Cs 
53.6 
(20) 
105-0(0) 190*7(15) 175.6(15) 263.8(15) 
Melting points of the metals (oC). 
7 
Li Na Rb Cs 
180-95 97.8 63., 7 38.9 28.6 
21 
temperature (100r"C) is sufficient for fusion. 
The molten metals fragment after a short time 
in contact with watert substantially increasing 
the number of metal atoms in contact. With 
lithium, the water behaves as a heat sink, 
and the temperature never rises high enough 
(l80o5'c) to fuse the metal. 
(iii) The solubility of the solid product. Note 
(Table 2.1o) that UOH is relatively insoluble 
compared with the other alkali--metal hydroxides. 
Energetic factors seem to be not so important in 
determining reaction rates. Although lithium reacts 
slowest, Table 2.1. shows that it has the highest heat 
of hydrolysis. However, it is the rate of energy 
evolution, and not the total, which indicates the 
relative reaction rate. 
Reaction products can have a marked effect on the 
rate of reaction. Halstead4o has carried out an experiment 
which illustrated clearly the influence of the gaseous 
prod-act, hyd-rogen. After a rapid initial reaction on 
dropping liquid water into liquid sodium, the rate 
slowed due to the intervention of gaseous hydrogen. 
This is shown in 'Figure 2-3. The hydrogen separated the 
reactants. A secondary barrier of condensed phase 
reaction products separated the hydrogen/water vapour 
mixture in the gas space from sodium. A mathematical 
model has been set UD to describe the above system. 
41 
A drop of liquid sodium in water can be assumed to 
produce an equivalent system, but in reverse. This is 
shown in T, ig-ure 2-4. Again, the sequence is water - 
hydrogen 
- 
metal, but with the metal at the centre. 
The essential difference between the two systems, however, 
is that with excess water, the hydrox-ide can dissolve 
away in the water when the metal contacts the gas bubble 
walls. This is not possible in the first system, the 
22 
FIG. 2.3 A drop of liquid water in hot sodium 
No (1) 
-NaOHc, 3) 
H 0(j) 
2 
H H1,00(c) 2(g) + 
_FIG. 
2A A drop of liquid sodium in water 
23 
solubility of sodium hydroxide in liquid sodium being 
as low as 0*0038% at 100OC- 
42 
2-4o iq + H20 IN F. B. R. DEVEELOPHENT 
In two reviewsp by J. L. Henry 9 and J. A. Ford 19t 
the sodium/water reaction is considered with particular 
reference to the sodium-water steam generator. The 
temperatures and pressures used in such a generator, and 
therefore in experiments carried out to test the effects 
of a leak, set this work apart from the smaller scale 
laboratory experiments. Because of the wide range of 
conditions, all the reactions listed in Table 2.2. 
may occur. 
Ford states that below 318*4 0C (the melting point 
of NaOH) the ratio of reactants is not importantp and 
reactions (1) and (2) are likely to dominate. Above 
this temperature, with excess sodium, (6) is the most 
likely reaction, followed by the secondary reactions 
(4) and M- Na2 02 has been found in small quantities 
(< 0.1% of the total products) after sodium steam 
reactions, indicating the small extent of reaction 
2.9 in these systems. 
32 
The measured rate of each of the reactions listed 
depends primarily upon the surface areas of the reactants 
in contact. 
43 For thin films of metal, the reaction 
is believed to be complete in less than one millisecond, 
so the measured rates for metal in bulk seem to be a 
function of the mixing of the reactants. 
44 
24 
TABLE 2.2 
POSSIBLE REACTIONS DURING A STEAM-GENERATOR ISAK 
(1) Na(1) +H2 NaOH (g) 
NaOH 20 (g) (S) +22 (g) 
2Na(l) +H 20 (g) --) NaOH (, )+ NaH (s ) 
Na +2 1H2 (g) > NaH (s) 
i- (5 ) Na (2 )+ NaOH (i )ý Na 20 (S )+ 2E 2 (g) 
2Na(ý )+H2 0(,, ) Na 20 (s )+ -21-H 2 
2Na(,. ) + NaOH( 1) Na 2 O(S) + NaH(s) 
25 
A decrease in mixing can occur from: - 
W vapourisation of water 
(ii) the formation of a product film (gaseous or solid) 
(iii) restriction of surface areas in contact 
Increases occur due to: 
- 
(i ) the melting of NaOff at 318-4'C- 
(ii) dissolution or reaction of the products. 
The reaction between sodium and water is highly 
exothermic, 
45t46 
and local temperature rises of up to 
1093*C have been noted in leak simulations. Subsequent 
reactions, however, are by no means so violent e. g reaction W- 
This reaction is of particular interest to workers in 
this field, since leak detection methods depend upon detection 
of hydrogen either as gas above the circulating metal or as 
H in NaHo In both cases, hydrogen is drawn through a hot 
nickel thimble and thence to a detector. Due presumably 
to reaction (4) the hydrogen pressure surges resulting 
from reactions (1) and (2) are less than 30'iý of those 
expected. The metal absorbs the hydrogen giving stable 
solutions. 
14 Moreover, the gas pressure in the space 
above the metal appears to suppress the dissociation of 
sodium hyd-ride 0 
111 47 As the temperature risesv 
however, both solid NaH and its solutions in sodium 
progressively evolve hydrogen. Thus Wollen32 has 
detected NaH in the products of the sodLium/water reaction 
between 280-4500C, but not at 500OC- 
All these observations are the result of the 
pressure-composition relationship which exists between 
hydrogen, hydride, and its solution in liquid sodium. 
48 
This relationship is depicted in Figure 2-5- 
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2.5. BACKGROUND TO PRESENT WORK 
49 The scene was set for the present work by Dowling. 
Initially, he established a dynamic system for investigating 
the reaction of water vapour as it was d-rawn past a 
moving column of liquid alkali--metal. Using water vapour 
pressures of ca. 1OKPa at room temperature he attributed 
an activation energy of 38.8 KJ/mole to the reaction 
NaK(, )+ H20 (g). The system was mod-if ied in that the 
column of metal was now run into liquid water, and this 
necessitated a completely re-designed apparatus. Sodium- 
potassium alloy of eutectic composition was injected 
into a reservoir of water through a narrow (0.1 
- 
0,14 mm diameter) capillary under pressure. In P series 
of experiments in which unreacted metal was 'trapped out' 
after certain distances of travel, he determined that 
the reaction was controllable and that less than 15% 
of the metal injected reacted instantly at 250Co The 
rest of the metal broke up from the thread into individual 
globules which moved vertically through the water, each 
of them encapsulated in a protective bubble of hydrogen 
gas. He determined a reaction rate, in terms of water 
consumption, of 0*028 moles/s/cm 
2 
at 250Cy and an activation 
energy Qf 36.6 KJ/molee Comparing the activation 
energies for NaK(l) +H 20(g) (38.8 KJ/mole) and NaK(, ) 
+ H20 ( ') (36.6 KJ/mole) he concluded that the rate 
determining step was common to both systems. 
The present work incorporates many of the essential 
features of the apparatus and methods employed by Dowling, 
and, in some respects, his work provided a platform on 
which to build up a picture of more precise rates, of the 
effect of alloy composition and temperature, and also of 
additives to the water. Some concepts of the reaction 
have been modified and considerably extended by the use 
of continuous and more sophisticated high speed photography* 
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CHAPTER III 
EXPE RI MENTAL ASPECTS 
3*1. INTRODUCTION 
Dowling 49 demonstrated that it was possible to produce 
a jet of liquid metal in watert by forcing liquid sodium- 
potassium alloy at high pressures through a narrow orifice 
beneath the surface of a vessel of water, and observe the 
reaction taking place. The apparatus described in this 
chapter was designed for the purpose of carrying out 
experiments which would give more detailed information 
about the reaction, in particular, the rates of reaction. 
The original reason for producing threads of NaK under 
water was to determine reaction rates by direct measurement 
of the length of the jet. Knowing the flow rate of the 
metal (moles/second), measurement of the length would 
lead to values for the rate of reaction (moles/second/ 
unit area of metal surface). However, since the preliminary 
experiments of Dowling showed-that not all of the metal 
reacted on contact with water, but that metal could be 
transferred away from the site of injection, it was 
necessary to design a type of flow reactor vessel. 
In this design, unreacted metal is 'trapped out' 
of the system after various times. Then, knowing the 
extent of reaction at various times, the rate of reý-ction 
can be calculated. In practice, it is not possible to vary 
the time of reaction directly, but by variation of the 
distance through which the metal has to trave17 it is 
possible to vary the time factor indirectly* 
29 
3*2 TIE SODIUI, 
'--POTASSIUMl ALLOY 
Most of the investigations described in this thesis 
employed an alloy of sodium and potassiumv liquid at room 
temperature. Although dilution of sodium by potassium creates 
a more chemically reactive alloy, which is therefore 
potentially more hazardous and difficult to handle than 
sodiumt -the alloy had the advanta-e that neither it, nor the 
injection apparatus, had to be heated during an experiment. 
Some experiments (Chapter 6) did in fact use pure, un-alloyed 
sodium metal at higher temperatures, but the apparatus desc- 
ribed in this chapter was designed primarily for the reactions 
of the alloy. 
Sodium-potassium alloy has a large liquid range at room 
temperature. The phase diagram is shown in Figure 3.1. At 
20 0 C, the alloy is liquid from 35-83 mole L,, ý K. The eutectic 
composition contains 77.8 wt. 'jo K, and has a density of 
0.867 9/cm 
3 
at 20*C, and a melting point of 
-12.60C50. 
NaK alloy was manufactured from weighed quantities of 
clean sodium (BDH, > 5c. 8") and potassium (76ch-Light, 
placed in a 500 cm 
3 
round bottom flask, and shaken till 
completely liquid under an argon atomosphere. Impurities 
(oxide and hydroxide) and undissolved metal were removed 
by filtration of the liquid under pressure through a glass 
wool plug into an argon filled flask. The filtration 
apparatus is shown in Figure 3.2. 
The precise alloy composition was determined by removing 
a sample from the stock flask with a hyperdermic syringe and 
needle, and leaving this to hydrolyse on a clock glass. I'Lfter 
a period of one week, the metal had reacted completely, and 
could be washed off the glass into a standard flask, and 
analysed for sodium and potassium content using atomic 
emission techniques. 
The composition of the alloy when prepared in this way ias 
not precisely constant. Similcar compositions were chosen for 
each of the experiments described in Chapter 5 (Rates of 
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Reaction). These were in the ran--e 4C-45 moleýb potassium, 
'0 and melted near 6 C. 
T VESSEL 3.3, THE REACTI01% 
The vessel is shown in-Flig-ure 3-3. A property of the 
metal is that, on leaving the site of injection, it alj,. ýays 
travelLed vertically upwards. Theieaction vessel, thereforev 
consisted of a vertically mounted pyrex glass column, 30 cm 
high, with a diameter of 6 cm, through which the metal could 
rise. The distance from the sidearm (A), through which the 
injection apparatus entered the vessel, to the stoppered top 
of the column, was 25 cm. ThegLs inlet (3) and outlet(C) were 
set as close to the open end of the column as possible, and 
the outlet was connceted by means of rubber tubing to a 
water-filled dreschell bottle. The lower tap(D) was used 
to run off the various layers for analysis. 
3.41 TIHE I' Tt,. L Il"JJECTIC17 APPARATUS 
The metal injection apparatus is shown in Figure 3-4- 
It was designed to deliver clean sodium-potassium alloy to 
the water at constant pressure, and therefore, at constant 
flow rate, through a narrow orifice. 
It consisted of a pyrex glass barrel (A) with a diameter 
of 2 cm, the open end topped by a tightly fitting septum cap 
(B). The gas inlet (C) was sited near the top of the barrel. 
The barrel was divided into two sections by a grade-O sintered 
( T_' 
glass filter pad i_, ), the lower section bending a right 
angles, and narrowing to fit into the reaction vessel side 
arm. The seal between the injectcr and the reaction vessel 
was effected by means of a 310 Ero-Lýnd glass v; atertight joint 
(F. ). The capillary was connected to the ena of the narro-W: 
33- 
FIG. 3.3 Apparatus for separation experiments 
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section, so that lie opening (G) protuded approximately 2-3 cr, -, 
inside the column of the maction vessel. 
The capillary glass used for most of the experiments 
described was standard, manufactured C. 1 mm internal diameter 
with an external diameter of 4 mm- Some of the orifices were 
produced by draving down 2 mm. capillary to diameters which 
varied between C-1 and 0-3 rxr,, since exact reproducibility 
was not possible using this process. Capillary orifices 
produced in this way were measured using a travelling 
microscope with a vernier scale. 
The capillary was replaced for each experiment, during 
which some metal adhered to its inside surfaces, burning to 
oxide when the injE*-torwas exposed to air prior to cleaning. 
PROCEMURE 
An argon cylinder was connected to the gas inlet port 
of the injector apparatus, and set to supply a pressure of 
69 K-Pa- This was left to ErKeep out air from the injector for 
a period of one hour, before being connected, as described, 
to the reaction vessel. 
The vessel was then filled to the required h, ýight with 
triply distilled de-ionised water. Argon bubbles were 
forced through the orifice, and streamed vertically -upwards 
after some short horizontal movement. A layer of oil was 
poured carefully onto the surface of the water to a depth 
of 3 cm. At this stage theister height i. e. the distance 
from the capillary to the water/oil interface, was measured 
using a cathetometer. This distance could be adjusted 
slightly by either adding a few drops of water through the 
top of the vessel, or runningw-ter off through-he lower tap 
of the vessel. The vessel was then securely stoppered. 
A second source of argon was connected to the gas inlet 
tap of the vessel, and set to give a slow, but continuous 
36 
flow of areon through the space above the oil layer. This 
flow was monitored by the water filled dreschel bottle 
connected to the outlet port. The vessel was then flushed 
with argon for approximately one hour. 
Liquid 11aK was introduced to the injector. It was trans- 
ferred in quantities of 1-2 g from the stock bottle using a 
hyperdermic needle and 2 cm plastic syringe, and injected 
through the septum cap and into the injector barrel. The 
metal rested on the filter until it was completely covered. 
Then, the pressure of argon gas forced the metal through the 
filter, leaving solid salt impurities behind. The metal then 
travelled along the length of capillary and out of the orifice 
to forra a jet of alloy which reacted with the water. 
Some metal, having left the site of injection, and 
travelled vertically through the water, appeared as pin- 
head sized globules in the oil layer above the water. 1,. ost 
of the metal reaching-he oil rested on the surface, 
occasionally releasing some hydroxide smoke into the argon 
atmosphere above the oil. This smoke was swept out of the 
reaction vessel by the flow of argon, and it dissolved in 
the water in the dreschel bottle connected to the outlet port. 
The time of injection i. e. the total time during which 
metal entered1he water, was recorded. At the end of this 
period, the water in the vessel was immediately run off 
through the lower tap. This left the layer of oil, containing 
unreacted metal globules, in the vessel. This metal was 
hydrolysed carefully by pouring water onto the oil, -while the 
flow of argon through the vessel was maintained. The resulting 
solution in water was run off as before, and the process 
repeated until no metal could be seen in the oil. Then, a 
final 100 cm of water was added, and shaken vigorously Výith 
the oil, after stoppering the vessel. The layers ;, iere allowed 
to separate, and the water run off as before. The contents 
of the d-reschel bottle ,,, ere added to the solution from the 
oil layer. 
The solutions produced, from the water layer, and from 
hyd: rc, lysis Of the oil layer were made up to 5CCQ_, m 
3 
and analysed 
quantitatively for sodi-uiri and potassium. content. 
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3.6 CALIBRATICI-. OFF THE J -T 
The metal flow rate for various capillary diameters 
was calculated using a pre-weighed oil filled vessel with 
a sidearm adapted to fit the metal injection apparatus. This 
is shown in Figure 3-5- Using conditions of a standard 
pressure of 69KPa and an alloy composition in the range 
40 
- 
42 mole % K, the weight of metal injected during 
measured times was calculated from weight difference 
measurements. The results are shovm in Table 3.1 and 
in graphical form in Figure 3.6. 
TABLE 3-1. 
FLOW RATE OF NaK THROUGH CAPILLARIES OF VARIOUS SIZE 
Capillary diamete Flow rate (mg/sý l,, ole%K in alloy 
0.080 2.0 
0.090 9.0 
0.100 20*0 
0,110 
41,6, 
41,8 
40*3 
25 
*0 41*4 
0,119 30*0 
0*125 
0*135 
40-PO 
4195 41-0 
60,0 41-19 
A diameter of 0.1mm (the standard. size of capillary used in 
the experiments described. in Chapte'65 and 6) with a 
driving pressure of 69KPa therefore gives a flow rate 
of 20 mg1se 
3B 
FIG. 35 Apparatus for the determination of 
metal flow rates 
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FIG. a6 Flow rate vs. capillary diameter 
75 
0 
u 
E 50 
25 
/ 0 
/ 
0 
Z" 
O-OB 0.10 0-12 0-14 
Capillary diameter(mm. ) 
40 
IRE CONTROL klýýD ]EILSURElEITT 
For variable temperature experiments, the apl, aratus 
was heated internally by immersion of a glass-clad 
heating coil (500w) through the B 24 neck of the vessel. 
Temperature gradients were minimised by external stirring, 
using a magnetic 'flea' and rotating magnet. The temper- 
ature was measured using a chart recorder (Bryans), so 
that temperature changes in the water bulk could be 
measured during the course of a reaction. 
A test injection, at 300C of approximately 2g of 
metal into water, gave an overall temperature rise of 
less than 0-5 0C ioe-the bulk water temperature was found 
to be approximately constant over the course of an 
experiment, so that temperature rises due to NaK/water 
interactions in variable temperature experiments (Chapters 
5 and 6) could generally be disregarded* 
3.8. ANALYSIS 
Dilution of the solutions to 5000cm 
3 led to concen- 
trations of each of the two metal ions in the range 
20 
- 
100 p. p. m., The technique of atomic emission spec- 
troscopy was used for the analysis, The instrument 
employed was a Perkin-ýElmer 603 Atomic Absorption 
Spectrometer, using an air-acetylene flame. Measurement 
of the alkali--metal ion concentration relied upon the very 
strong emission lines at 589*0,589.6 nm-for sodiump 
and 766*5 nm-for potassium. Full details of the conditions 
and procedure are contained in "Analytical Absorption 
Spectroscopy" 4,51 
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CHAPTERIV 
PH0T0GRAPHICEXPERI Id ENTS 
4.1 INTRODUCTION 
Several photographs were obtained by Dowling49 of the 
area around the end of a 0*106 mm diameter capillary 
through which liquid NaX was injected into water. An 
open shutter technique and electronic flash of duration 
one microsecond were used. Photographs obtained in this 
way led him to believe that a tsteady state' situation 
existed at the liquid metal jet. This is depicted in 
Figure 4*19 From the glass capillary (A) a jet of liquid 
metal (B) issues. This metal reacts in part with the 
water (Dowling's separation experiments indicated that 
13-5% of metal injected reacted in the region between 
(B) and (D) ) to produce an envelope of hydrogen gas (C). 
E 
DCBA 
SITUATION AT THE T-EiT 
42 
This envelope collapses back onto the thread of metalv and 
direct (i,, e,, 1'-(1) +H2 O(l reaction again occurs, 
prod-acing more hydrogen (D The jet then breaks into globulesy 
each globule moving vertically away from the jet encased 
in a hydrogen bubble (E)e 
Double-exposure photographs enabled measurement of 
the rate of bubble rise, and the rate of bubble growth 
to be measured. The latter is significant in the deter- 
mination of the reaction stoichiometry (Chapter 8). 
In the present work, high speed photography was 
employed. This method was expected to fulfil two functions: 
- 
(i) Provide information on the physical processes 
occurring i. e. the nature of bubble production 
and release, the transition from coherent metal 
thread to individual globules. Confirmation 
or not of the steady state situation shovin in 
Figure 4-1- could only be provided by a series 
of continuous high speed exposures. 
(ii) Enable certain physical measurements, in 
particular, the length of exposed metal thread, 
to be made. These measurements would then be 
used in the calculation of the rate of reaction* 
4,2 o EXPERIDE, NTAL 
The standard reaction vessel (Figure 3-3) was modified 
to expose the area around the end of the capillary to the 
camera. The modified vessel is shown in Figure 4.2. One 
section of the glass colu=, was replaced with flattened glass 
walls to produce a photographic 'cell' around the region 
of injection. The dimensions of the cell were 80 mm x 60 mm 
(in the plane of the liquid metal jet direction) x 15 mm 
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(perpendicular to the plane of jet direction). The photOLraphs 
taken with a high speed camera (1000 franies/second) were 
therefore perpendicular to the jet direction (Fig 4-2). 
Eleven experiments were filmed using this apparatus, 
each film of approximately 1000 frames (one second of action). 
The details are contained in Table 4-1. The alloy used in 
these experiments was in the composition range 4C-50 mole ', 'ý Kp 
50-60 mole '/L; Ila. Experiments 1-. c, ý were filmed in black and white, 
10 and 11 in colour. 
A 1,00C cycle/sedond marker produced spots on the film 
at intervals of one millisecond. Preliminary examination of 
the films revealed that the frames 300-700 in each sequence 
were the closest to one millisecond apart, the frames 0-30C 
and 700-1000 being fractionally slower, corresponding respectively 
to periods of the film speeding up and slowing down. Analysis 
was therefore restricted to frames in the middle sequence. 
RESULTS 
Theiesults are presented in two sections, the physical 
processes occurring, and the photoEraphic measurements. 
4.3.1 The phys calprocesses 
Exper irf ents 1 and 2. The fýames shown between pages 46 and 
47 are from experiment 21 and correspond to the frames 
numbered 452-531 in the 100 frame film. With a driving (argon) 
pressure of 6, cl KPa and 0.1 mm diameter capillary, this 
experiment gave the clearest picture of jet breakdown and 
hydrogen bubble formiation. Experiments 1 and 2 provide a 
comparison between C---as bubble formation at the end of a ca-Allary 
and product gas formation due to a reacting metal jet with the 
T 
same size capillarye ýIhearas experiment 1 showed erratic 
bubble formation in 3 dimensions, with irregular bub-ile sizes 
45 
TABLE 4.1 FIL, ýZD EXP. 
-'jRL,. El, -. TS 
, 
ýxperiment no. Injeted fluid Vessel fluid Cap. d-iar. ieter 
1 Argon i.., ater 0.100 
21ia 
, ý. Iat er 0.100 
3 NaK Wat er C). 132 
4 Argon Water 0.120 
5 NaK !,, 'at er 0.120 
6 Argon Wat er C). 130 
7 NaY. Wat er 0- 130 
8 ITaK 0-671ý'; 
-I%TaOH 0.100 
C). 3c-81, -. H SO 9 llýaK /1240.100 
10 NaK Water 0.100 
11 NaK 01, iý 
-H2 so 4 0.120 
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and release times, injection of 1"iaY. into water produced a 
regular, repeating pattern of bubble formation in 2 dimensions 
only le. from a view perpendicular to the direction of the metal 
flow, the bubbles did- not overlap. 
The frames 1-35 reproduced in this chapter show a 
sequence of bubble for; iiation over a time period of 3c. ' milli 
seconds. The capillary appears at the bottom left hand corner 
of each frame. The dark area in the centre of the capillary is 
the liquid metals and the flow is from left to right. The 
cycle of events begins at frame 2, as bubble detachment is 
about to occur. Two regions of bubble expansion can now be 
seen (frames 3-6), one around the body of the thread, and one 
at the right hand extremity. These regions continue to expand 
to become one elongated bubble, or envelope, enclosing the 
thread (frame 6). Yet another region of bubble growth appears 
adjecent to the capillary opening (frame 5) as more metal is 
pushed from the capillary. This new envelope then feeds gas 
forwards into the primary bub., )le (frame 11). Detachment of 
The main bubble occurs momentarily (frame 12). i, Leanwhile, 
another region of hydrogen production is evident, around the 
metal jet. 
Frames 13-25 show this continuous processof gas envelope 
formation around the reacting metal jet, followed by gas 
flowing into the main bubble from these individual envelopes. 
A second temporary detachment occurs at frame 17- 
The main bubble eventually reaches a stable size, and 
detaches to move vertically through the water (frame 26). This 
process has lasted 25 milliseconds. In most casesy this cycle 
then repeats itself with a remarkabl-,, consistent frequency. f, 
In some cases, however, the process is nct complete. Two 
bubbles 7 formed in the ýey described, may join together to form 
one bubble7 of approximately twice the normal size. Frames 
31-35 show such a bubble in formatiO. -L. This bubble detaches 
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(frame 36) to move, as before, vertically through the water. 
Frames 35 and 36 may be compared with frames 2 and 3, as the 
cycle begins to repeat. Frames 37-3.5 show the beginning of the 
formation of a new bubble. 
Experiments 3-7- Using larger diameter capillary, the situation 
described for experiment 2 was repeated. Due to larger surface 
areas of reactants in contact, the reaction was more vigorous7 
the water more turbulent, and the sequence of events not so 
uniform. Bubble sizes were generally larger, but there was 
some variation in bubble size. For instance, with the largest 
capillary (0-132 mm diameter, experiment 3) very small bubbles 
were occasionally released, each travelling for considerable 
distances horizontally before moving vertically upwards through 
the water column. 
Experiments 8 and 5. No difference in size or frequency of bubble 
formation could be observed. Films of these experiments were 
identical with those in experiment 2. 
Experiment 10. Colour photography provided little extra 
information in terms of a description of the physical processes. 
However, in these films, individual metal globules could be 
seen very clearly. In experiment 2, the metal in bubbles 
appears as black dots (see frames 4,24 and 37 in particular) 
but these are not very well defined. The film from this exper- 
iment shows that between one and four metal globules are present 
in each ascending hydrogen bubble? where previously, it was 
believed that there was only one per bubble. 
Experiment 11. -ý-Iith strong acid, the reaction is more vigorous, 
and the water considerably turbulent. The basic system 
for YaK 
) wat er and NaK ) dilute acids/alkalis still applies, 
but t--, e metal globules could be seen burning with-in their 
protective hydrogen bubbles. Bubble production occurred at 
approximately t,,, -ice the mte of that for experiment 
2. 
4B 
The salient features of the gystem described above are 
illustrated on a larger scale in photofraphs k, B and C. 
_Photograph 
A. This shows the injection of argon into water, 
at a pressure of 65 KTa. Over a large number of frames, no 
repeatable regular pattern occurred. The average bubble size 
was approximately of that for hydrogen bubbles in NaK + water 
reactions. The bubbles issued from the capillary and moved in 
three dimensions, although the general d-ire,.; tion was, of course, 
vertically upý-; ards- 
Photograph B. This, by contrast, illustrates the regular bubble 
formation during an injection of NaK at the same pressure through 
the same capillary. Regions of gas expansion can be seen 
around the-jet as the bubble begins to form. These regions flo-,,,, 
one by one, into the main bubble to the right of the jet. This 
will detach when a stable bubble size is reached. A globule of 
NaK can clearly be seen in the fully formed bubble closest 
to the jet, and appears as a black- sphere. The bubble at the 
top of the picture is beginning to 'flatten out' from a sphere 
into an elipse. 
Photograph C. Two important features descussed in connection 
with photographs 1-3. cl experiment 21 are illustrated in more 
detail here. Two regions af expansion can clearly be seen in 
the area of the metal jet, as the new bubble begins to form. 
Themg-ion closest to the capillary is about to flow through 
to the end. Comparing the sijrt, ýs of the two detached buboles, 
the lower one is approximately t-viice the size of the upper. 
It has been formed by a combination of two bubbles in-Le 
manner described from photographs 31-35. This bubble contains 
two globules of metal, as ma., - be eKPected. These, again, appear 
as two black spheres in the lower centre of the bubble. 
PHOTOGRAPH A 

PHOTOGRAPH B 

PHOTOGRAPH C 
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4-3.2 Photographic measurements 
Measurements were taken from the films of experiments 
2 and 1 C, which employed capillary diameters of C. 1 rm 
- 
The measurements were to be used in the calculation of the rates 
of reaction (Chapter 5 ), the experiments for which used 
this size of capillary exclusively. 
(a) The length of metal thread. This was the distance 
from the open end of the capillary to the point on the 
metal jet where hydrogen gas protection could clcýarly be 
seen. Difficulties in measurement were encountered 
due both to fluctuation in the length and to poor definition 
of the position of thegis envelope. Measurements were 
taken directly from film scanner 
- 
editor by comparing the 
nx 
. 
ternal diameter of the standard 0.1 mm, capillary as it 
appeared on the screen with its actual diameter (4-mim, ) to 
calculate the scale. The number of sample frames used 
was 300. Table 4.2 gives a sample of 48 measurements of 
the thread length compared with their frame number. The 
average length of ecposed metal thread was 0.42 mm 
- 
(b) The number of bubbles released per second. The time 
for 3C bubbles, a convienant number, to be released from 
the area of the jet was measured (15 bubbles from the centre 
regions of film 2, and 15 from film 10). These release times 
are collected in Table 4-3- One bubble was released, on 
average, every 26-5 milliseconds, which geves a bubble 
evolution rate of 37-7 per second. 
(c) Rate of bubble ascent at 2COC. Ten bubbles were timed 
over a distance of 2 cm (experim ent 2). The average bubble 
velocity was 0.28 metres/second. 
(d) -j,, ar-ber of ri,, etal globules per b-abble. Cf 32 Ic-ab---les 
exa-T-I-. ine-' on the filrn of experi:: ýent 1C, t-ý, c) contained twc 
ly globules of : ý-, etal ie. approý-i, -; aýtely two b-, ýbbles of eve. -y 
32 rele-sed' were formied fro; -. a co., -, -bination 
of two sý: -. aller 
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I L' 17 T. LBL-,, ' 4.2 ', ý-)A: 
-PLE OF Llj 48 
LE G-TL-IL. 
-OF 
-T Frame Ro Length (rrim) Frai. 
-, e 1, To Le-, --, g-uh (mml Frame No Len&th 
301 
311 
32C 
322 
326 
348 
351 
372 
373 
375 
380 
3 
.5 
() 
3.95 
402 
403 
404 
C. G 406 C. 1 553 C-7 
o. 6 42 C C-4 56c, o. 6 
C-3 431 0.1 56c C-5 
0.3 434 G. 0 5710 C-5 
C-6 436 C-4 571 C-4 
0.0 512 G-7 573 C-4 
0.2 513 C, 
.8 58, c C .4 
0-4 514 C-7 5 
.50C. 1 
0.0 516 C. 0 600 0.0 
c). 6 525 C 
-5 611 C, -4 
o. 6 531 C- 5 613 C-4 
0.3 5' 40 c. 6 614 G-5 
C-5 542 C. 8 651 o. 6 
0-5 544 C. 1 653 0-4 
o. 6 545 G-3 660 C. 0 
G. 0 551 C). 8 661 c. 6 
-' (r,,, iliseconds TABLE 43 TII, 'IES OF BU3BLF, i 
--I 
I Ll,. 2 
1 25 
2 51 
3 81 
4 105 
5 133 
6 15", 
7 
8 
12 
13 
14 
15 
i So 
2 C)8 
235 
265 
250 
318 
345 
376 
3.5,4 
- 
¼fl 
CD 
U) 
CD 
CD 
Cl) 
CD 
U) 
CD 
0 
0 
Cl) 
2 c, 
54 
87 
lic 
131 
160 
165 
21C 
238 
27C, 
2c5 
31 
348 
381 
401 
6 
01 
hý 
to 
(D 
F-J 
CD 
(D 
0 
0 
ýj 
p- 
IQ 
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bubbles as in-frwiý4es 31 - 36 of experiment 2. Then, if 
an average of 37-7 bubbles are released every second, and 
I 
1(,, of all bubbles released contain two globules of metal, 
the metal thread appears to bre4ý down into 37-7 + 2.35-r- 
40 globules every second. 
(e) Rate of bubble rise. A number of bubbles were timed 
in their ascent from the photograýlhs. Of 10 bubbles so 
timed, the averaLe velocity was found to be 28C mm/se 
(f ) Bubble radius. Of 20 bubbles measured, the average 
radius on detachment from the jet was 0.242 mm. 
4.47 
-CONTCLUSIONS 
The experiments described in this chapter show that 
the general scheme of a metal thread, reacting as it 
emerges from a capillary opening to prod-ace hydrogen 
gasl then breaking down into glob-ales of metal protected 
by a product gas bubble is correct. They do not, however, 
confirm a 'steady state' situation as outlined in Figure 
4-1, which was a reasonable explanation based on a number 
of non-consecutive photographs. Thereaction proceeds, 
however, in a cycle of physical processes, repeatable, on 
average, every, 26.5 milliseconds. The time for 1 
cycle was 33 milliseconds, the minimum 20 milliseconds 
(Table 4-3). A preliminary lenvelopel of hydrogen gas is 
in evidence (Fig 4-1, Photograph C), but this is not a 
permanent feature of the system, since this gas envelope 
is dynamic, continually forming7 flowing into a gas bubble, 
and then re-f`orminE around the jet. 
There appears to be a stable bubble size, which 
detaches from -he metal jet. Since this bubble size is 
53 
fairly constant, the bubbles therefore leave the end of 
the jet at regular intervals. However, some bubbles combine 
and this fact explains why more than one globule of metal 
may be found in a single bubble of gas. Occasionally, three 
or four globules are observed in a hydrogen bubble, 
indicating a more complicated combination of bubbles. 
Presumably, in these ex-periments, a very rapid inital 
reaction occurs, as the jet emerges from the capillary, 
followed by a more subdued reaction, as the jet is enclosed 
in a gas envelope. The envelope may contain water vapour 
as well as hydrogen, and the maction between sodium/potassiurn 
and water vapour will occur. Because metal is continually 
flowing and pushing gas away from the capillaryv and due 
to the cyclic nature of the process, varying lengths of 
metal jet are visible unprotected by hyarogen gas. 
Increases or decreases in the reaction rate are not 
detectable photographically when dilute solutions of acid 
or alkali are substituted forýater. The difference is 
marked, however, when 5-5 1,, olar H2 so 4 is used. 
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CHAPTERV 
RATES OF REACTION 
5.1 INTRODUCTION 
The apparatus and techniques described in Chapter 
were used in a series of experiments to determine the 
rate of reaction of liquid NaK with liquid water at 
various temperatures. The results are divided into 
two areas: - 
. 
Na (1) +H 20(l, g) (i) Reaction at the jet\ 
K (I )+H 
20(l, g) 
(ii)Reaction in the bubble 
Na +H 20(jg) 
K (, l) +H 20 g) 
The subscripts (19g) for water indicate that it is not 
possible to specify the reaction conditions at any one 
time, in that water vapour is inevitably generated 
from liquid water during the course of the reaction. 
NaK entering the wqter may immediately be covered by 
an invisible envelope of vapour, vapourisation of 
the water occurking due to the heat of the reaction. 
Reaction in the bubble may be due, in fact, to water 
vapour contained within the product gas bubble, but 
the photographic experiments show that metal globules 
do make frequent contact with the gas/water interface. 
The results of these experiments may be expressed 
in the form water height vs. extent of reaction. 
Extrapolation to zero water height then gives a value 
for the extent of reaction at the jet (which travels 
horizontally)t while the gradient of the graph gives 
a value for the extent of reaction per unit distance 
of travel. The general system is depicted in Figure 
5-1- u-sing the r'esults of Dowling& 
49 Here, a certain 
quantity of alloy is injectedf and the proportion of 
this metal which reacts increases with increasing 
length of passage (water height) through the water. 
L 
Q) 
C- 
4J 
V) 
2 
-- 
0 
0 
Water height 
Fig- 5-1- PROPORTION OF ALLOY PL:,, 'kCTING IN VARIOUS 
WATER HEIGHTS 
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This is the basic behaviour under these conditions, 
but the results are open to considerable extension and 
refinement, namely in that the reactions of the two 
components of the alloy are separable. 
The reaction rate at the jet will be calculated 
on the assumption that the bulk of reaction takes 
place- when the metal thread has no visible hydrogen 
gas protection. Later results will show this to be 
a reasonable assumtion. Consider Figure 5.2. The 
II 
II 
II 
C B< 
- 
Fig. 5*2. REACTION AT DE JET 
result of extrapolating reaction extent vs. distance 
travelled will be a value that represents the reaction 
taking place between (A) and (C), the total length of 
horizontal travel. The surface area measurements, and 
therefore the rate of reaction calculation, will 
assume that all the reaction takes place in th3 
reg-ion (A) to (B)o 
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5.2 SEPARATION EXPJ'jRIIý' :)A. T20C 
5.2.1o Initial Results 
The results of the first set of separation experiments 
are shown in Table 5.1. and Figure 5-3. The graph 
shows that: - 
(a) The relationship between the percentage of 
metal reacting and- water height is linear 
below approximately 100 mm. 
(b) At 200C, a higher proportion of the 
potassium in the alloy reacts than the 
sodium. 
(C) 497ýo of the sodium in the alloy, and 
11.0% of the potassium react at zero 
height i. e. at the jet. 
(d) The gradients of the graphs are, 
Nay 0*31% per mm. and Ky 0.25PIo per mm* 
Reaction rates were calculated for each of the 
two metals using the above results when combined 
with the data in the following sections. 
5B 
0 TABLE, 5.1. RESULTS OF aEPARATION EXPERIKEIES AT 20 C 
Height of water ( %Na ound in water %K found in water 
30 13.8 
40 17-0 
49 17*9 
60 24-1 
70 25*0 
80 
18e7 
22 
22.0 
29o3 
31*5 
29.0 34.8 
go 33*0 
loo 36.1 
125 404,4 
150 45-7 
175 46,1 
200 49-7 
225 56*1 
250 64.8 C 
37-19 
38.9 
42*9 
47-9 
48,0 
51-9 
60.6 
65o9 
The average alloy composition in these experiments 
was 56.9 mole % Na. 
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. 
29 2_9 5 Surface area of the metal. 
(a) At the jeto 
From photographs, the average lenth of exposed 
metal thread was 0*42 mm. This gave a surface area 
of 2 TT r Y- where R =0 * 42 mm. and r=0- 05 mm. The 
surface area exposed at any instant of time was 
therefore 0*132 mm 
2 
oo The surface area of each of 
the two metals in the surface of the alloy was 
calculated as follows. Assuming that the metal 
surface contained a random arrangement of sodium and 
potassium atoms, the proportion of the surface 
covered by each metal should be a function of the 
alloy composition, and also the ratio of the areas 
occupied by individual sodium and potassium atoms. 
Condider a solid metal. In a B. C. C. unit cell, the 
number of atoms occupying 1mm 
2 
of surface can be 
sho-vm to be 
-f2/a 
2 in the 110 plane and /a 
2 in the 
100 plane, where a is the unit cell dimension. 
The value a= 4e29 x 10 -8 mm for sodium, and 
5*25 x 10 for potassium*52 These figures give 
-the follcwing values. 
12 
oms/l, 
2 
B. C. C. Na(110), 7-7 x 10 at 'Im \ 
average 6.6 x 10 
12 
B. C. C- Na(100), 5-4 x 10 12 at oms/mm2/ 
12 /m 2 B. C. C. K (110), 5-1 x 10 atoms M, \ 
B. C. C. K (100), 3.6 x 10 12 atoms/rrIm 
V average 4-4 x 10 
12 
* See Append-ix 1 
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The same space relationships will not apply precisely 
to the metals in the liquid state, but the ratio of 
2 the numbers contained in lmm of solid, 6.6 *-4-4 
3 h1a 90 2K will apply to liquid NaY_ to a first 
approximation. The surface area factors are there- 
fore Nag 2/5 and K, 3/5- In an alloy of composition 
5 6.9'1ýo' Na/ 43 
-1K by moles, the relative surface 
areas will therefore be Na : K, 56.9 x 2/5 : 
43.1 x 3/5* Sodium occupies 46.8% of the surface, and 
potassium 53.2 'io. The area determined, 0-132 mm 
2 
can therefore be said to consist 0.0618 mm 
2 
covered 
by sodium, and 0-0702 mm 
2 
covered by potassium, 
(b) In the bubble. 
The surface area of the metal was calculated 
indirectly in the following way. Every second, 
20 mg of alloy are injected into the water. Since 
the NaK composition is 43-7ý'ý', sodium by weight (56.9ýo 
by moles), this weight represents 8-74 mg of sodium 
and 11.26 mg of potassium. Of these metalst 4-7% 
of the sodium and 11.0ýo of the potassium react 
before reaching the bubble. Therefore in every 
second, 8-74 - (4-7 x 8*74 x 10-2) = 8*33 mg of 
sodium and 11*26 - (11.0 x 11.26 x 10-2) = 10 - 03 mg 
of potassium enter the bubbles as globules of alloy* 
40 globules of metal enter the bubbles in one second 
(from Chapter 4). The total volume of the alloy in 
these 40 globules is 18*36/d where d is the density 
m /mm3 
53 
of the alloy, 0,894 g0 The volume of each 
globule is therefore 18-36 / (0.894 x 4O)y which 
equals 0#513 mm. 
3 The surface area of a sphere, 
volume 0*513 mm 
3 
is 3-10 mm 
2- Therefore, each 
globule of metal contains? on formation, 0.208 mg 
of sodium (sodium entering bubbles per second /40) 
and 0,251 mg of potassium (10-03/40)t and has a 
62 
surface area of 3.10 mm 
2 
on average. By a similar 
calculation as applied in part (a), the composition of 
the alloy reaching the bubbles is 58*5 mole% Ila, and 
sodium atoms can be said to Occupy 48.4ý/o or 1*50 mm 2 
and potassium 51.6% or 1.60 mm, 
2 
of surface. 
5*2-3, 
_ 
Time of Reqýctjon 
(a) At the jet. 
This can be calculated directly from the flow ratev 
assuming that this value is the same at all points 
along the jet. 
(b) In the bubble, 
The rate of bubble rise at 20 C, from photographs 
was found to be 28()mm/se However, this value cannot 
be used in the rate calculations due to certain compli- 
cations. The rate quoted was measured for spherical 
bubbles over a distance of less than 10 mm. Bubbles 
of the radius measured (0.242 cm. ) are known to 
distort from sphericity and assume elliptical shapes 
after a short distance of travel, and this fact has 
been noted in these investigations (Photograph B, 4-3.1)9 
The motion of these elliptical bubbles is considerably 
slower than spherical bubbles. Their motion has been 
described mathematically by 1,, Iiyagi. 
54 The motion 
over a distance z is given by equation 5*1- 
dv. d2z 2 
= gdv -0 (dz (dt ( 
d=density of water, v--bub-ble volume, t=time 
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k andeare coefficients of resistance to flow depending 
on the size of the bubbles, and can be calculated 
from the empirical formulae 5.2 and 5-3 which were 
determined by experiment. r is the radius of the bubble. 
05 (54.2) 
(1.6r 
- 
0.118 +lOo49r2 
- 
-()ol67. 
r + 0-0142ý (5-3) 
The solhations to Equation 5.1 are plotted as 
curve A in Figure 5-4. This curve applies to air 
bubbles in water at 180C, and shows the variation 
in bubble velocity with bubble radius- For bubbles 
of radii 0- 0-15 cm bubble velocity varies approx- 
imately linearly with radius. However, since both the 
buoyancy effect7 producing an upward force on the 
bubble, and the resistance effect, producing a drag 
or downwards force, depend on r3, a critical radius is 
reached, at which the velocity is a maximum. This 
critical radius is between Oo16 and 0-17 cm, shown 
as a broken line on Figure 5-4. Above this value, 
the velocity falls to a constant velocity of about 
23-0 cm/s at 180C. In adapting these figures to the 
present work, certain assumptions must be made: - 
(i) The difference between the terms (d water 
-d air) and (d water -d hydrogen) is 
negligible. The buoyant forcep F B, depends 
upon the difference in densities of the 
liquid and the gas as shown by Equation 
5944, 
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(ii) Bubble velocities correspond to those read 
from the right hand (ie high radius) side 
of Figure 5e3. This is the section of the 
graph where increasing radius has minimum 
effect on bubble velocity. In these 
experiments, initial bubble radii were all 
in the range 0,22 
- 
0.26 cm. (Section 4-3.2* 
(f)), and these radii increased substantially 
over short distances of travel due to 
reaction of the metal globule viithin the 
bubble to produce more gas. 
(iii) At elevated temperatures, bubble velocity 
rises with the ratio d/u where u is the 
viscosity of the liquid. This assumption 
arises from analogy with small, spherical 
bubbles studied by Allen. 
53. 
Figure 5*4 gives that rate of bubble rise, for 
larger diameter bubbles, at 18 
0 C, to be 23.0 cm/se 
By means of the calculation outlined in (iii) above, 
the velocity at 200C is 24.3 cm/s* This is smaller 
than the measured rate of 28 cm/s for reasons already 
stated. Since the velocity of bubble rise is knowny and 
the gradient of the graph (Fig 5-3) is in the units 
moles reacting/mm, multiplication of these figures should 
give the units moles / second x 10 
2 for the rate calcu- 
lations. 
5.2., 4* The rate calculation 
Reaction rates wdre calculated for each of the two 
66 
metals, in each of the two stLges of the reaction. 
(a) At the jet. 
Of the 8*74 mg of sodium entering the water every 
second, 4-7/o reacts over a surface area of 0*0618 mm. 
The reaction rate is therefore: 
4*7 8-s74 x 10 -3 JL 
1=2.88 
x 10-4 mole S/s/mm2 10 2 23-0 6,18 x1 02 
Similarly for potassium: 
11 
. 
26 x 10-3 1 Xx2= 4-52 x io-4 molesl 1 
/MM2 
39-1 7.02 x 10 
(b) In the bubble 
Of the 20mg of metal entering the water per second, 
C for each millimetre of (initial) bubble rise, 0-31/,, of the 
sodium (0.027 mg) and 0*29'/ý of the potassium (0-033 mg) 
react. This represents 1-17 x 10 -6 moles of sodium and 
8.44 x 10-7 moles of potassium. Since 40 globules of 
metal are produced every second, 2.92 x 10 -8 moles of 
sodium and 2.11 x 10-8 moles of potassium react per 
globule per millimetre rise. The rates of reaction 
become, for sodium : 
2.92 x 10 -8 x 243 x14.73 x 10 -6 mole s/s/mm2 
1-5 
Similarly for potassium: 
2.11 x 10 --8 x 243 x13.20 x 10-6 moles/s/MM2 
1.6 
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*3 SEPkRATION EXPLi 
In order to investigate the effect of tei-,, iperature 
on reaction rate, and derive an apparent activation 
energy, experiments were carried out over a temperature 
range of 20-600C. It had already been established (Section 
5-2) that a plot of percentage of metal reacting against 
water height was linear below 100 mm. Therefore, two 
standard heights of water below this value (35 mm and 
67 mm) were chosen. The results are shown in Table 5.2 
and Figures 5*5 and 5.6. The points marked at 20 
0C 
on 
both of these graphs were read from Figure 5-3- 
Values of the quantity of metal reacting were selected 
from Figures 5-5 and 5.6 at 30,401 50 and 60 
0 C. These 
values were then used to construct the straight lines of 
per cent metal reacting vs. height of water shown in 
Figure 5-7. The two "aeights are shown as broken lines 
on this graph, The data used in the construction of 
these lines, and the results of the construction are 
shown in Table 5-3- 
6B 
0 TABLE 5.2 RESULTS OF 26 and 60 c 
(00 Temperature Height (mm) % Potassil-un Sodium 
reactin reacting 
26.0 35 27-4 20*0 
30*0 35 38e4 31o2 
35*0 35 33.1 26.9 
41-0 35 384.2 3.1&9 
47oO 35 43.6 38,8 
5290 35 46oo 45*4 
55*0 35 56., 3 53.6 
60*5 35 52.9 50, J 
31*5 
35 
*5 
40,90 
45-PO 
5000 
54*5 
5.9 
* 
67 41.8 34.8 
67 43*1 34*5 
67 53*3 47*2 
67 54.8 49-7 
67 56*4 51-0 
67 70.3 6894 
67 7093 70*3 
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FIG. 5.7 Construction lines for the calculation 
of reaction rates 
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In order to calculate reaction rates from these data, 
a similar procedure to that described in Section 5*2 
was employed. However, since no photographic data were 
available for experiments above 20 10 C, two assumptions 
were made: 
- 
(i) That the liquid metal thread exposes 09132 mm 2 
of surface to the water at water temperatures 
up to600C (as it did at 200C) 
(ii) That this thread breaks up into 40 gas-encased 
globules of metal per second at these temperatures 
(as it did at 200C)* 
The total surface area in all cases was 0*132 mm 
2 
(assumption (i))e At 20 0C this area could be broken down 
into 0,0618 mm 
2 
occupied by sodium and 0-0702 mm 
2 by 
potassium. Since the NaK composition in these experiments 
was the same as that for the experiments in Section 5.2 
these surface areas of individual metals apply to the 
experiments at temperatures 30140,50 and 60OCe However, 
the surface areas of the metals in the form of metal 
globules, in the second stage of the reaction, will vary 
with increasing temperature for two reasons. Firstly, 
more metal reacts at the jet. Thus, less metal is available 
for the globules which are consequently smaller, since 
the same number are produced at all these temperatures 
(assumption (ii)). Secondly, the NaK composition in the 
globules varies, since the proportion of sodium and 
potassium reacting at the jet are different for each 
temperature. 
The surface area calculations were carried out by 
the following steps: 
- 
(a) The volume of metal in one metal globule (v) is 
given by Equation 5*5* 
V= 
20 
-a -b 3 
nun (5o5) 
40d 
where d= alloy density in mo/MM3 
mass of sodium reacting at jet per second 
Na reacting x 8-74 mg- 
mass of potassium reacting at jet per 
second K reacting x 11.26 mg. 
The surface area of one metal globule (s) is 
given by Equation 5.6 
V3 6-v (5.6) 
(C) The mole/o of sodium in the alloy forming the metal 
globules is given by Equation 5-7- 
(8*74 
- a) x 100 
Mo 1 e% Na 
23-0 
- 
89 
-a1.26 -b K V21 
. 
10-9 + 
(1 
39-1 
. 
39 
(d) The percentage of the surface covered by each of 
the two metals therefore becomes: 
mole '; ý Na x 2/5 x 100 
covered by Na (m o1e ý6 Na x2 /5 + (nn, o1e cl 3 /5 
and likewise for potassium. The fractions 2/5 and- 3/5 
are the surface area factors to take into account the 
disparity in the atomic sizes. These factors have been 
(597-, ) 
75 
explained in Section 5.2.2. 
The surface areas of the individual metals, from these 
calculations and the values in Table 5-3 become: - 
Temperature (OC) 30 40 50 60 
Surface area of 1 globule (mm 2) 2o93 2*76 2.60 2*46 
Area of sodium per globule (MM2) 1*42 1*33 1.25 1-19 
Area of potassium per globule (mm2) 1-51 1-43 1-35 1927 
The same time factor was used in the calculations of the 
jet reaction rate at these higher temperatures as at 200C. 
The factor for the 'bubble stage' of the reaction was the 
velocity of the bubble, and the appropriate values were 
read from Figure 5-4. They were: - 
30 0c 400 c 500C 6 () 0c 
30e2 cm/s 36*8 cm/s 43 -7 cm/s 51 -0 cm/s 
The reaction rate calculations (see Section 5.2,5) 
yielded the results presented in Table 5-4* 
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TABLE ý 94. REACTIO17 RATES FOR_I, i__+ H20 AT VARIOUS 
Rate at Jet 4) Rate in 'hubble, (moles/s/mm"- x 10 (moles/s7m-m' x lo') 
SOclium (300C) 7,85 6ol8 
SOdium (400C) 12-57 8*96 
SOdium (500C) 16,92 14*12 
Sodium (60 Ij C) 20ol7 
Potassium (30 0 C) 7*56 
Potassium (400C) 10.28 
Potassium (500C) 124.91 
Potassium (600C) 15-33 
24,955 
4.68 
6-78 
1C-, 05 
14*92 
77 
DISCUSSION 
The conclusions from this series of experiments may 
be summarised as follows: 
The rate of reaction at the jet stage is approx- 
imately 100 times that in the 'bubble' or 'hydrogen 
protected' stage. Moreover, the rate determined 
for the reaction at the jet represents a lower limit 
for the process M(i) +H20 (1) since the reactants may 
be separated by either an invisible film of water 
vapour, product gas, or a solid hydroxide film on the 
metalq which is in dynamic equilibrium with the 
surrounding solution. Figure 5.8 shows this 
possibility* 
region o high pH 
N 
/ 
MOH M 
Fip:. 5.8. TIE Elý-, VIRO-1171,: Elý-T OF TIE Jý--]T 
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The hydroxide is continually dissolvinp., producing a 
region of high pH around the jet, and the solid film 
barrier continually reforms due to the continued reaction 
of the metal. The effect of changing the product from 
hydroxide to a less soluble salt will be examined in 
Chap-ter 7- 
(b) The rate of reaction for the bubble stage is also complicated 
by the interference of reaction products i. e the 
hydrogen bubble. Moreover since the reaction of the metal 
in the bubble may be that of 1,1(l) +H2 0(, ), plus a 
contribution from IJI (1) +H2 0(1) as the globule comes into 
contact with the bubble walls, the values determined for 
this part of the system represent an upper limit for the 
former process. 
Clearly, these solid and gaseous reaction products 
have a marked effect on the overall reaction rate. Further 
details of the effect of hydrogen are investigated in 
Chapter 8. 
(c) The difference between the reaction rates of sodium and 
of potassium with water are small in both stages of the 
reaction (compare the upper and lower h, --, lves of Table 5-4)- 
Although a higher proportion of the potassium in the alloy 
reacts than is the case for sodium (11*0%K, 4-7ýoNa at 
the jet at 200C)v each mole of potassium, however, has 
a much larger surface area assigned to it, so that 
results in terms of moles/s/mM2 break down to approximately 
the same values for each metal. 
(d) Reaction rates increase at elevated temperatures. There 
is no immediately apparent why this should be so, since 
the temperature of the metal itself is likely to be several 
hundred degrees higher than the bulk water terriperatures, 
45 
and an increase in water temperatures of a few tens of 
degrees should have an insignificant effect. For some 
reason, therefore, heat from the metal is prevented 
from being transmitted to the surrounding liquid water, 
79 
but when this is heated externally, a rise in reaction 
rate is noted. 
According to Equation (5*8), the Arrhenius equation 56 
K= Aexp (-E ý /RT) (5.8) 
a plot of log 10 against the reciprocal of the absolute 
temper,;, ture should yield a straight line of 
slope 
-E4 /2-303R where Eý is the temperature independent 
activation energy for the reaction, and R the gas constant. 
For first order alkali-metal gas reactions, Herold57 
has defined an expression for the absolute rate constant, 
Kabs, in order to compare the rates of reaction of the 
alkali-metals in widely differing systems. This expression 
appears as Equation (5.9). dv/dt is the change in volume, 
reduced to S. T. P. Iwith time during the reaction. 
dv 
cm Pa jt Kabs (cm 3 (S. T. P. )s-l. -2 -1) 
-1 dt s x 
(5.9) 
s is the surface area in cm 
21 
and p is the pressure in 
Pascals. With the assumption (since the rates of reaction 
in this chapter are defined in terms of disappearance of 
metal) that 1 mole of sodium ý- 1 mole water in this reaction, 
and that 1 mole of water occupies 22451 cm 
3 
at S. T. P., 
values of Kabs were calculated for the results in Table 
5-4. These values are presented in Table 5-5. 
Fig-are 5.1, shows the Arrhenius plot for these reactions. 
In general, fairly good straight lines were obtained, 
particularly for the reactions in the bubble. The lines 
yielded the following activation energies: - 
BO 
'I-' - '- +H0 TABLE 5 *5 VALUES OF K abs 
FOR THE ? 
-ý! -.,, iTI0: l 14 2 
Letal Situation 
Sodium Jet 
Sodium Jet 
Sodium Jet 
Sodium Jet 
Sodium Jet 
Potassium jet 
Potassium Jet 
Potassium Jet 
Potassium Jet 
Potassium Jet 
Sodium Bubble 
Sodium Bubble 
Sodium Bubble 
Sodium Bubble 
Sodium Bubble 
Potassium Bubble 
Potassium Bubble 
Potassium Bubble 
Potassium Bubble 
Potassium Bubble 
r1,1  
en, i1x 103 
20 3413 
303 
-300 
40 3*195 
50 3.096 
60 3- 003 
20 3-413 
30 3-300 
40 3.195 
50 3.096 
60 3- 003 
20 3-413 
30 3.300 
40 3.195 
50 3.096 
60 3- 003 
20 3-413 
30 3-300 
40 3.195 
50 
60 
3.096 
3- 003 
K 
a 
6*38 x 
1-74 Y, 
2-79 x 
3.74 x 
4.47 x 
1.00 x 
1.68 x 
2.28 x 
2.86 x 
3 
. 
40 x 
1-05 x 
1-37 x 
1.99 x 
3-13 x 
5 
*44 x 
7- 05' x 
1-04 x 
1-50 x 
2.23 x 
3., 31 x 
10-3 
, C72 
10 -2 
1 b-2 
1 b-2 
10 -2 
10 -2 
10 -2 
1 b-2 
1 c)-2 
1 C)-4 
10-4 
10-4 
10-4 
10-4 
10-5 
10-4 
1 b-4 
1 b-4 
10-4 
Lo g1 ()K abs 
-2.195 
-1-760 
-1-554 
-1-427 
-1-350 
-2.000 
-1-775 
-1.642 
-1.9AA I -T-r 
-1-469 
-3-979 
-3.863 
-3, 
- 
7C1 
-3-505 
-3.264 
-4-149 
-3.983 
-3.824 
-3.652 
-3-480 
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B2 
Na (jet) 
- 
38., 2,0,. KJ/mole 
Ila (bubble) 
- 
33*03 KJ/mole 
K (jet) 
- 
24-8c, KJ/mole 
K (bubble) 
- 
27.28 KJ/mole 
These results were obtained over a fairly limited 
temperature range due to the limitations of the apparatus 
and method. However, they show that the activation 
energy for the reaction of potassium with water, in 
both stages of the reaction, is less than that for 
sodium, as might be expected. A full comparison 
of these values with previously reported activation 
energies for alkali-metal / water reactions appears 
in Chapter 10* 
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CHAPTER VI 
THE REACTION OF LIOUID SODIUlj- 'vIITH LIQUID WATER 
INTRODUCTION 
The experiments described in Chapter 5 provide a picture 
of the physical processes occurring during an alkali- 
metal / water reaction, as well as some rate data for the 
reactions of sodium and potassium individually. However, 
complications arose in the calculations of the surface 
area of metal exposed to water. The treatment described in 
Section 5.2*2. assumes an ideal solution i. e. that there is 
no preferential enrichment in the surface of the alloy of 
either the sodium or potassium, and that the bonds between 
Na 
- 
Nal Na 
-K and-K -K are all approximately equivalent 
in strength. Employing sodium alone as the liquid metal 
reactant should remove this assumption and perhaps justify 
the assumptions made for the alloy rates. 
Most liquid metal fast breeder reactors employ liquid 
sodium as the coolant, and so the reaction between un- 
alloyed sodium and water may be of more interest practically. 
NaK was originally chosen as the alkali-metal reactant 
in the present work mainly because no external heat is 
needed to keep it molten. In order to investigate the 
reaction of sodium, the procedures and apparatus outlined 
in Chapter 3 had to be considerably modified. It was, of 
course, found necessary to heat not only the metal, prior 
to injection, but also the injection apparatus, and in 
particular, the 0.1 mm- capillary attachment, The new 
procedures and apparatus are described in the following 
sections* 
84 
6.2 APPARATUS 
The reaction vessel was similar to the one shown in 
Figure 3-3 except that the adaptor on the sidearm (A) was 
changed to aB 14 socket, to take account of the larger 
barrel diameter of the modified injection apparatus. 
The liquid metal injector is shown in Figure 6.1. 
The design is basically the same as before, with the inclusion 
of a gas by-pass (B) and a heating jacket. The heating 
agent employed was dry oil, capable of withstanding tem- 
peratures of about 2000C without smoking. This was pumped 
from a heated reservoir through rubber tubing by means of 
a peristaltic liquid pump. Oil from the jacket outlet 
was returned to the reservoir. All tubing, and the heating 
jacket itself were lagged with cotton wool and refrasil. 
The maximum flow rate of oil, with 
. 
1-0 mm (internal 
diameter) thick walled rubber tubing was approximately 
2000 mm 
3 
per second. With this flow rate, and an oil 
temperature of 1750C at the reservoir, the temperature 
at point A (Figure 6.1) was in the range 120 - 1300C 
after a period of 10 minutes flow. To allcw the thick 
walled capillary glass section to thoroughly heat up 
to above the melting point of sodium (97.80C), heating 
was continued for two hours prior to liquid sodium 
injection. 
_6*2. 
PROCPEDURE 
The oxide-coated surfaces of sodium were out away 
under an argon atmosphere. Cut into cubes, of approximate. 
dimensions 50 mm-, the metal was quickly transferred to 
the injector barrel. A continous flow of argon swept the 
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injector. This was then sealed with a tightly fitting 
rubber septum cap, and the argon pressure increased to 
69 KPa. The argon by-pass tap was kept open while the metal 
in the injector barrel was heated externally by either 
heating tapes at 40000 or a bunsen flame. A bunsen burner 
was preferred for this task, since diredt, local heating 
was needed to free occasional metal blockage below the 
sintered glass filter. When molten, the metal rested 
on the filter until the gas by-pass was closed. The metal 
then flowed, as with NaK, through the filter and into the 
pre-heated narrow section. of the injector, and thence to 
the capillary, all oxide and other impurities being left 
on the filter. 
The procedure from then was identical to that described 
in Section 3-5- 
Heating of the injector indirectly also led to heating 
of the bulk water, at a rate of approximately 50C per hour, 
depending upon the depth of water being used. External 
stirring, using a magnetic flea and rotating magnet, was 
therefore necessary in order to minimise thermal gradients 
in the system. Injections were carried out when the water 
temperature, measured by a thermocouple junction and recorded 
on a chart recorder, reached 300C. As with injections of 
NaK, no significant temperature rise in the bulk water was 
noted during or immediately after injection of the metal, 
which generally lasted between one and five seconds. 
Injection of the metal was halted usually by '31ockage of C: ) 
the capillary rather than shortage of metal. The external 
stirring was halted during metal injections, in order to 
avoid water turbulence. 
B7 
6.4 INITIAL RESULTS 
Preliminary experiments were recorded on video tape. 
Observation of the area around the liquid metal jet was 
difficult due to the focusing of the camera, and also 
bec, 
-. use of the nature of the injector. It was necessary, 
for technical reasons, for the heating jacket around the 
capillary to protrude further into the water than the 
capillary opening (see Figure 6.1. ). This was to ensure 
that the thick walled capillary cou-Id be heated to the 
deSired temperature. However, the extension of the heating 
jacket in this way tended to obscure the area where the 
metal first entered the water. 
Despite these drawbacks, it was possible to observe 
a situation similar to that previously described i. e. a 
liquid metal jet entered the water. It was surrounded by 
an envelope of hydrogen. The jet broke up into metal 
globules which moved vertically through the water, each 
one 'trapped' in its own protective bubble of gas. On the 
strength of these observations, certain assumptions could 
be made in the rate calculations. 
RESULTS OF SEPARATION EXP., =TENTS 
These results are presented in the same form as 
previously i. e. percentage of metal reacting compared 
with height of water column (distance travelled). They 
are shown in Table 6*1 and Figure 6.2. As before, the 
graph intercepts the 'y' axis to give an indication of the 
extent of reaction at zero -v; ater height i. e. the reaction 
BB 
TABLE 6,1. RESULT' OF SEPARTION EXPERI1,1ZIUS FOR 
Na (1) + 
_H 
20 (1 ) AT 3 () 
0 C. 
Water height (mm) 
24*0 
309 0 
32*5 
40-0 
53*0 
66.0 
75-0 
86,0 
Percent Scd-ium reactin 
35.06 
26.00 
28950 
32*20 
36,10 
42 
* 
15 
4.9, o20 
46.00 
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at the jet* The intercept from the graph is at 14.21/ý met. ý-, l. 
The graph also seems to be linear within the range of 
column heights used i. e below 100 mm, with a gradient of 
0.4231'o' per millimetre travel. 
Since no photographic measurements were available 
(in fact, none were possible due to the nature of the 
apparatus), the following assumptions were made in the 
rate calculations: 
- 
(a) That the metal flow rate was 20 mg/s. A comparison 
of densities (Na(l., I 0.927g/cm3l and 
NaK (20)' 0,984 9/cm indicates that, to a first 
approximation, this is justified. 
(b) That the surface area factors are the same as 
those for 1-TaK +H20i. e that on averagev 0.42 rnm 
of the liquid metal thread has no visible hydrogen 
gas protection, and that the thread breaks up 
into 40 globules of metal every second. 
(0) That the rate of bubble rise at 300C is 30.2 cm/s 
i. e that the bubble radius is greater than 0-17 cm* 
Calculation of reaction rates now follows a similar 
pattern to that outlined in Section 5.2. 
Reaction 
_at 
the jet 14.2"/6 of the 20 mg of sod-ium entering 
the water every second reacted at the jet over a surface 
area of 0,132 mm 
29 The reaction rate is therefore: 
- 
14o2 20 x 103 1 d-I /, r-Y , -4 
--, 
I/2 
xxI= : ), ol x -ju - mo.Les/s/mm 
loo 23-0 0- 132 
Reaction 
- 
in the bubble. Ejach of the 40 globules formed in 
one second contains 20 - (14.2/100 x 20 or 0.429 mg 
of sodium. The volume of such a 
g? 
obule is 0*463 mm3* 
91 
A 'sphere with this vol-ume has a surface area of 2.855 mm 
20 
For each millimetre of bubble risev 0*423'ý' of the injected 70 
sodium reacts. This represents 8., 46 x 10-2 mg. of sodium, 
or 2.115 x 10-3 mg per bubble. The rate of reaction is 
therefore: 
- 
2.115 x1 C)--6 302 I 
x1 =9 - 5.5 x 10-6 moles/s/mm 
2 
o Pccz 23.0 C- 0 
6.6 CONCLUSIONS 
In many respects, the reaction resembled that for NaK 
with water: 
(a) The reaction could be separated into two parts, 
that at the jet, and that in the bubble. 
(b) Of the metal injected, a small proportion (14.2'lo) 
reacted immediately at the jet. 
(0) The reaction rate at the jet was approximately 
100 times faster than that in the bubble. 
Because of these similarities, it is possible to conclude 
that the general picture applies to all the alkali-metals 
in reactions of this type with water, regardless of the 
initi, 
-. 
1 temperature of the metal up to the melting point 
of sodium (97,80C) 
It is interesting to compare the rate of reaction 
of sodium alone, and when it is alloyed with potassium. 
The relevant rates are shoi-rn in Table 6.2. The general order 
of these reaction rates are the same. There is 
however 
1 
a small but real difference in that the rate of reaction for 
un-alloyed sodium is slightly higher. 
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TABLE 6*2. RATES OF Ri,, 'ý. CTION OF Na 
WITH VIATýjR AT 300C 
Reaction 
Na(, )___± ý20(1) (jet) 
Laý, (NaY), (j)_±AO(l) (jet) 
Na (b-abble) 
Na(TTaK) (1) 
_I 
H 20- (1 (bubble) 
Rate (moles/s/nun 2 
9,67 x 10-4 
7.85 x 10-4 
-6 
'0*59 x1 
6,18 x 10 -6 
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A possible explanation for this lies in the tendency of the 
'aK. The compound in two metals to form a compound in 1% 
question, Na 11, appears in the phase diagram at about 
33 mole%K. 
50 2 Although this is an incongruently melting 
compound of low thermal stability, breaking down into Ck 
and liquid at 70CY perhaps this compound still persists in the 
liquid, the more so at low temperatures, and reduces the 
reactivity of the sodium component of the alloy. 
6.7. SOXE PRACTICAL CONSIDERATIONS 
The original system for high temperature injections 
employed an injector similar to the one depicted in Figure 6.1 
but without the directional glass jet (C)o Although 
temperatures reached 1600C in certain parts of the injector 
barrel, the temperature towards the end (i. e near the 
capillary) did not rise above 800C. Due to the thick 
(4=,, i external diameter) walls of the capillary attachment, 
it was estimated that a temperature of 1200C would be 
needed in the part of the injector barrel close to the 
capillary to keep the centre of the capillary above the 
melting point of sodium. This thermal gradient was accen- 
tuated by the cool flow of argon which passed through the 
centre of the capillary. Hence the greatest single 
difficulty in these experiments was blockage of the 
ca-nillary' by solid metal* This could only be overcome 
by e_ý_tending the heating jet right up to the end of the 
capillary, and by prolonged heating of the injector before 
injection 
,,. 
Tas attempted. 
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CHAPTER 
RLEJACTIONS OF NaK ', TITH ACUEOUS SOLUTIONS OF ACIDS, 
ALKALIS ATM SALTS 
7. 
_J. 
INTRODUCTION 
It has been reported that, in the reaction between the 
alkali-metals and water, the metals react not only with 
water molecules j but also with hydrogen ions (Equations 
2-14l 2.15,2.16) even at low hydrogen ion concentrations 
- 
39 
It is likely, therefore, that the rate of re-action between 
a liquid, alkali---metal thread and water is sensitive to pH, 
an increase in the concentration of H30+ producing a 
corresponding increase in reaction rate. It has already 
been noted (experiment 10, Chapter 4) that the reaction 
between 5-5 Molar H2 so 4 and 1T. aK is vigorous, more so than 
that between water and !, -, aK, yet still controllable using 
the present system. The reaction between NaK and acid 
solutions in the second, or 'hydrogen protected', stage 
of the system should also be subject to the same influences 
of DH since the bulk of the reaction in this stage is 
likely to occur when globules of metal contact the gas/licruid 
interface. Changes in reaction rate may also be attributed 
to the nature and concentration of the anions. If the 
rate determining step is the rate of dissolution of the 
product layer, and this again applies both to reaction 
at the jet and reaction in the bubble, then the nature of 
the product film is critical. Substitution for water by 
dilute mineral acids has the effect of producir7 si-mple 
alsali--metal salts, most of i-. ýhich are less soluble than 
sodium and potassium hydroxides. The absolute solubility 
of these salts may have a bearing, then, on reaction rates, 
although, strictly speaking, it is the rate of dissolution 
which is important. 
The purpose, then, of the experiments described-in this 
chapter is to investigate some aspects of the reaction 
M(l) +H 30+(aq) , and to determine the importance of the 
products on the rate of reaction. 
7*2. NaK +H 2304 SOLUTIONS RESULTS 
The procedures and apparatus described in Chapter 3 
were used, and a series of experiments were carried out 
in which solutions of sulphuric acid were substituted for 
water. The argon pressure again was 69 YPa. Capillary 
diameters were in the range 0*1 - 0.2 mm; the composition 
of the alloy was in the range 40 - 50 moleýo sodium, and 
all these experiments were carried out at 20OCo A standard 
v-, Iter depth of 80 mm was chosen, and the sulphuric acid 
solutions were over -the range 0- 6--30 11,1olar. 
The results are presented in the terms 'percentage 
of metal reacting with the solution', and are divided into 
two parts, one set for each of the two metals in the alloy. 
These results are reproduced in T. --, Zle 7-1. Although 
the points on Figure 7ol* represent both sodium and potassium 
results, the curve is that for the total metal reacting 
in the alloy i-e 'Ic E'la + K. 
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TABLE 1.1 e TIE PERCEITT OF KETAL REACTING ji-HILE 
TRAVELLING 80, 'ý!, '- THROUGH SOLUTIONS OF 
SULPHURIC ACID i, '-T 20 0 C* 
Acid concentration 
(moles/litrej 
0 
0938 
ýo Na reacting 0% K reacting 
29*0 34.8 
3495 30.6 
0976 30*1 
lo13 
29,6 
21 
*5 21-7 
1-50 26*4 
2o25 18*5 
3.08 22og 
3-40 
3.80 
22-4 
15-9 
18,9 
22,6 21 o5 
29o2 26,1 
4.32 25.2 
4.8o 55.2 
23,1 
52*5 
5.25 57.8 6o, g 
5,80 81-5 84* C 
6.30 79.6 86 o5 
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FIG. 7.1 The percentage of metal reacting with BOmm. 
of H,, SO, solutions c3t 200C. 
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These results will be discussed in full in Section 7*7* 
However, on preliminary examination, they, show, perhaps 
surprisingly, that substitution of water by dilute mineral 
acid does not give rise to an immediate increase in reaction 
rate at low concentrations. The results found for solutions 
of concentration below approximately 4 Molar (81,1olar in 
H30+ are actually lower than those found for water at the 
same distance travelled (80 mm) and the same temperature 
(200C). A general trend is evident in which the results lie 
on a curve, with a minimum point at approximately 2-5 i,, Tolar. 
The later results (acid concentration > four Molar) are 
higher than those for water. The final two experiments 
in this section (5-80M and 6-30 1-1 r) were extremely violent, 
with water turbulence, rapid heating of the vessel and 
contents and a burning of metal globules vrithin their 
protective bubbles. Experiments using acid concentrations 
above 6*30 Molar were therefore not attempted. 
It was suspected from these results th, -,, t the products 
of the reaction, sodium and potassium sulphate, had bearing 
on the reaction rate due to the formation of a product film 
less soluble than sodium or potassium hydroxide. The 
solubility of ITaOH in water at 200C is 27*25 moles/litre, 
that of sodium sulphate, Na 2 so 4' 0-13 moles/litreo 
The corresponding values for potassium are 15.96 and 
0.60 moles/litre respectively. 
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These results were the only ones obtained in the 
present work in which, in some cases, the proportion of 
sodium reacting in the alloy was greater than that of 
potassium. 
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7.3. NaK + VARIOUS ACID k3OLUTIONS - RESULTS 
7*3*1* The solubility data 
The object of the experiments described in this section 
was to determine the effect of product solubility on the 
reaction rates of alkali 
--metal/wat er reactions. There were 
uncertainties in the selection of acids, however, according 
to the solubilities of their sodium and potassium salts. 
For example, the injection of sodium at 200C, into 1; 101ar 
hydrochloric acid results not only in a neutralisation of 
the bulk medium (2g of sodium into 500 ml of 1.0 M. HC1 
will reduce the acid concentration to approximately 0*8 M) 
but the local conditions in the vicinity of reaction may 
well be very much lower in acid concentration. Thus it is 
not clear whether to consider the solubility of the product 
salt in Molar, in 0,8 Molar, or in even less acidic 
solutions. Secondly, the use of sodium - potassium alloy gives 
rise to two salts in solutiono Data on systems such as 
NaX 
- 
XX 
- 
EX 
-H20 have not been determined for many of 
the simple anions (X) at one temperature. 
Compromises were therefore necessary. Firstly, the 
independent variable chosen was the solubility of metal 
salts in water at 20'C. Secondly, the average solubility of 
the salts of sodium and potassium was calculated and 
related to the extent of the total reaction, that is the 
percentage of metal reacting, not the percentages of sodium 
and potassium reacting. It is not reasonable to look at the 
extent of reaction oý say, sodium in NaK with hydrochloric 
acid, and relate this value to the solubility of sodium 
chloride. The solubility data used for the relation 
between the extent of reaction (percent of metal reacting) 
and solubility of the product (!,, Ta. Xl KX) are sho-ý%Tn in Table 7.2. 
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TABLE 7--2 
_SO_LUBILITIES 
OF SODI-LTl, '; AID POLA. SSIUM SkLT'-) 
0Taý,., IN WATER AT 20 C (LOLES/Li )58 
Anion Sodium 
OH 27o25 
CH 3 coo 
I 
Potassium 
1 cl 
. 
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5*67 26,05 
11 
*92 8.67 
Br - 8,, 84 5*46 
NO 
3- 10-35 3.13 
cl 6,13 4*59 
so 
4 
2- 0* 13 o, 6o 
_verage 
23.61 
15,86 
10.29 
7-115 
6-74 
5-36 
0-37 
101 
They show that the average solubilities of the sodium and 
potassium salts are in the order OH > CH, COO >Iý, 
Br '> NO 3> cl --? so 4-0 
7.3.2. Preliminary experiments 
Pliminary experiments were carried out by injecting 
NaK into the above mentioned acids in the concentration 
range 0- 1-5moles/litre, and a solution height of 50 mmo 
The results of these experiments are collected in Table 7*39 
Generally, these results do not serve as a precise guide 
to the difference in reactivity between the various acids. 
This is probably due to two factors. Firstly, the solution 
height is too small to allow much reaction, and therefore 
differences in reactivity will only become apparent when the 
metal is allowed to travel further. Secondly, any differences 
may well occur at higher acid concentrations than 1.50 1, Iolar, 
if the sulphuric acid behaviour (Fig 7*1 ) is duplicated, 
but shifted to higher acid concentrations. The experiments 
in this section were therefore used as a guide to further 
experiments7 after the following points had been noted: - 
(a) Experiments with all the acids HCly IRTO 3' HBr, 
HI and CH 3 COOH could be carried 017t s-. 
fely, 7? t least 
at concentrations of less than 1-50 llk. olar. All 
of these NaK injections behaved, outwardly at 
leasty in much the same way as injections into 
water. 
(b) As the concentration of aiV acid was increased 
no m, ýaxked increase in reaction rate was noted. 
On the contraX'Y7 except for acetic acid, a decrease 
in the percentage of metal reacting was observed, 
2- 
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TABLE 7 3. OF SODIU. 
- 
AID 
-S OF E]ACTING 7bTTH DILUTE SOLUTIO--:,,ý) 
SIKPLE ACIDS (COLLý--' IE. IGHT 
AT 20 0c 
Wa, t er 
Na 17.8 8.1 
K 22.3 22.2 
1.201,1 HCl 0.00514 0- 14m 0o2 114 oo 49kl. 07()m 10111,1 
-i 
Na 19.05 16,1 16-4 13-1 1595 12.6 12.2 
K 21-4 23-4 22.5 18-7 23.2 17-0 17-4 
HBr ocjm 10-14 0920M 0-381vi, 0491 0-83M 
Na 14-9 16e5 14-5 13.8 9-5 9-9 
K 22.9 18e3 1 91 o2 17 - C) 10.0 15.8 
HNO 3 0,21M 0*421 0- 49, TM c-, 85m 
Na 1693 11-9 Oe5 7*4 
K 18*2 14*3 10,0 11.2 
HI 0111111 0.20M 0 
*. 
C"l 1.501', 
Na 17., 9 17.2 144.3 15.6 
K 23.8 24*1 18*5 17-4 
CH3C0OH 0,491,1 0.63M 
Na 34-0 40.2 
K 364 47e3 
103 
(c) 
particularly noticeable in the case of nitric 
acid. 
A marked increase in the reaction rate of 1ýaK 
occurred when acetic acid (0.631,1) was substituted 
for water. It should be noted that potassium 
acetate is by far the most soluble salt listed in 
Table 7.2. 
7*3*2., D. Tore concentrated acids: 4 I, '-, olar 
Experiments were carried out using 4-0 Mlolar solutions 
of the acids at a solution height of 80mm. Differences in 
reaction rate for different acids, it was believed, would 
be more apparent at higher concentrations, and also when 
the metal was allowed to travel further. Five experiments 
were carried out using each of the acids CH 3 COOH, HI, 
HBr, HU and I-M 3* The results of these experiments are 
collected in Table 7*4- 
Since the alloy compositions in these experiments 
were close to each other at 50-+ 3'lo Nal an average of the 
values for sodium and potassium in the last column of 
Table 7*4* gives a value for the total of metal which 
reacts with acid. The averages are compared with the 
solubilities (from Table 7*2. ) of the acid salts. The 
correlation is shown in Figure 7.2* 
The results show the importance of product solubility 
on reaction rate, and clearly indicate that these -products 
have more effect on the rate than a severe decrease in pH 
') i' the results, at these concentrations (4-011ýL since all ol 
except those for acetic acid, are less than those obtained 
for water under the same conditions. The aspect of product 
Ly will be investigated further in the next section. solubilit 
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TABLE 7.4. P--ýEJRCEIT OF SODIUI, ',, POT!,. SF)I-IT!,: j , 7D TOTI-L 
1EPTAL REACTING ;.,., 'ITH 4*0 T-', OLAR SOLUTIOI, 'S 
OF ACIDS (COLT, 21 1EIGHT 80M) AT 20OCo 
HBr 
HC1 
CH 3 COOHý 
HI 
Na 14*C) 14.6 13e9 14-1 14-3 1492 
-1 0-3 
K 1696 16,8 18e2 18,1 18,1 17«>6 :ý Os7 
Total 15-9 iýC-7 
Na 12*3 13-9 15.2 14* 1 17*4 14.6 T1 
-7 
K 16,8 17,8 18*3 17ol 16*2 17o2 : ý0-7 
Total 15 4.9 :ý1 .7 
Na 32,6 3094 2793 28.3 26,6 2,990 «: ý-2*2 
K 37.6 35,0 30.2 3195 38.0 34-5 -i73.1 
Total 31 
-8-: ý 3 -, 1 
Na 2092 20-0 21.6 18,9 17-, 4 15.6 :F1 
-4 
K 22.0 22.0 21.8 19-4 18.2 20-7 -: ý1.6 
Total 2 0.2 -i: 1 
-6 
Na 12.6 13.8 14-9 12.0 12-5 13.2 -: j: 1.1 
Imo 3K 14., 2 15-1 17.3 13-7 14-7 15 -0 T 1.2 
Total 14-1 T1.2 
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OF PRODUCT CRYSTALLISATION 
Halstead has investigated the solubility of potassium 
sulphate in water and solutions of sulphuric acidp and the effect 
on solubility of the inclusion of the impurity ions Fe 
2+ 
t 
Fe 3+ and Cr 
3+ 
* 
These impurities were present in the form 
of their sulphates. He found that whereas ferrous ion 
(Fe II) impurities had little effect on solubility, the 
ions in the +3 oxidation state had the effect of preventing 
the crystallisation of potassium sulphate. -Výith as little 
as 0*3 g Fe 
3+ / 100 g of solution, for instance, stable 
solutions at more than 10OLlo supersaturation could be produced. 
The maximum effect occurred at concentrations of 0-079, 
Fe 3+ / 100 g of water. 
Enhanced re, %ction raýtes would certainly result from 
the prevention of product crystallisation if the conclusions 
from Section 7-3 are correct. This was put to the test. 
Solutions of ferric and ferrous ions in various concentrations 
of sulphuric acid were made up from the salts Fe 2 
(so 
4)3 and 
FeSO 4* Injections of NaK were carried out under the same 
conditions as those described in Section 7,2 - capillary 
diameter 0.1 to 0.2 mm, argon pressure 65KPay temperature 
200C, and alloy composition 40 - 50 mole sodium. 
The resultsy in terms of the percentage of metal reacting 
in 80mm of solution, are presented in Table 7*5. The 
effect of d-oping with Fe 
3+ is shown in Figure 7-31 and 
with Fe 
2+ in Figure 7-4- In both diagrams, the curve 
for H solutions (from Figure 7-1) is reproduced for 2S04 
comparison. 
The control experiments (Fe 
2+ doping) are all reasonably 
close to the original curve, although some of the values, 
in the one to two l. olar region, are higher than those for 
und-oped solutions. The points fall close-zt to the oriE7-'nal 
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TABLE 7,5 PERCEI-ýTZ-', C-F SODIUl, ', I-ND PCTA,, 3SIUI-l REACTING 
WITH SOLUTIONS OF SULPHURIC ACID (80mm 
DOPED ',,, "ITH Fe 3+ ýOD Fe 2+ 
_IOI7,, 
S AS THEIR 
SULPHATES AT 200C. 
Acid concentration (K) cj, 'ýTla 
0,, 18 
5ýlTa (B) 'ýY (A) %K (B) ýI 
35-4 33-4 
0.36 27aO 
0*55 34.6 
25o7 
33o3 
0*92 64*0 28*3 64*4 37.6 
1*28 6497 65-0 
1.83 59-3 31-7 50-1 23-1 
2.38 21.3 20.2 
2*75 20.1 21*9 18*3 18-4 
3.67 18.2 10*1 22., 3 10.8 
4-59 58.6 60.6 
5*50 75 *4 57-5 85-7 64*0 
sollitions contain 1.2 Fe 2 
(so 
4)3 / 500 ml Solution 
solutions contain 2.6 Fe SO 4/ 500 r. ] solution 
IOB 
FIG. 73 Percentage of metal reacting with BOmm. of 
! ±,, SO4. solutions doped with Fe3' 
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curve at the minimum point., 
There is some evidence of enhanced rezectivity with the 
addition of Fe3+ ions to the solution, but this is confined 
to a small region of concentration, between one and two 
1iiolar strength. Definite, but relatively less enhancement 
occurred for two experiments at hiEh acid concentration 
(4.59 and 5.50 1-1)* 
lt A cho-u-gh, then, some differences appear, the scatter 
of these results renders them inconclusive., Hoi-, ýeverj the five 
experiments showing reaction rate enhancement (0.9214, 
1.28M, 1.83Mi 4-55y, and 5-501,11) provide more evidence to 
suggest that products interfere with the reactants, and 
that this is an important feature of this system. 
J-ý AITIION REDUCTION BY TIE IEPTAL 
In the reaction of NaK with solutions of sulphuric acid, 
there was some evidence that the metal was reducing the 
sulphate ion. This oc, ý; urred particularly in the vicinity 
of the jet at high sulphuric acid concentrations, where 
yellow sulphur could be seen drifting away from the metal. 
In a reaction carried out using 5 Molar H2 SO 4 saturated 
with mercury (II) sulphate, a dark suspension of mercury 
sulphide floated u-o throup--h the iý,, ater column to rest at 
the ý-,, ater/oil interface, indicating production, during the 
reaction, of hydrogen sulphide. The metal then, is 
responsible for the reduction of sodium and potassium, 
sulphates to sulphur in the 0 and -2 oxidation states. 
ill 
This reduction was examined quantitatively at various acid 
concentrations. 
7-5-le, Experimental Procedure 
A system was arranged by which all of the injected metal 
reactectuith the water* This entailed modification of the 
separation vessel (Figure 3-3), which was increased in 
height to allow a solution height of 400 mm. The oil layer 
was omitted from the system. Preliminary tests showed 
that, with water, all of the inject- -ed metal reacted while 
travelling through V., is distance i. e. no metal globules 
arrived at the water surfacep and no smoke iý, as released 
from the surface into the argon atmosphere. 
After metal injection, the aqueous solution was 
flushed with argon, flowing at approximately 5 000mm3 
per second, through tap D (Figure 3-3) i. e- from the bottom 
of the vessel. The gas was passed from the top of the 
vessel (tap C) through two dreschel bottles, each containing 
100 cm 
3 
of acetic acid containing lead acetate. Lead 
sulphide was precipitated from the hydrogen sulphide in 
the argon carrier, and this continued to' deposit for a 
period of two hours, verified by continual replacement 
of the dreschel bottle solutions. The gas flush was continued 
for a further two hours. The precipitate was collected 
on a grade-2 sintered glass filter, and analysed gravi- 
metrically, The solution in the reaction vessel was 
analysed for s6dium and potassium content by atomic 
emission techniques as before. 
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Results 
The results are presented in Table 7.6. The fourth 
line from the top shows that the alloy composition for each 
experiment was in the range 40-5 - 44-1 mole % sodium. 
The quantity of metal injected was fairly low and constant 
for the series of eight experiments. The results are presented 
in terms of the number of moles of sulphide deposited per 
mole of alloy (sodium + potassium) reacting with the 
water. Again, however, the figure does not represent 
the total reduction, since sulphur was again produced in 
the vicinity of the jet during experiments 4-8. 
Figure 7*4 shows the results in graph form. It shows 
that there is no sulphide production in reactions with 
acid solutions of less than 4,27 I-, 'Iolar. Production rises 
dramatically above this concentration. It was not possible 
to use higher concentrations of acid for the reasons 
stated in Section 7.21 so it is not 
-knovm whether the 
extent of this reduction continues to increase at higher 
concentrations, or whether a maximum value is reached. 
T. t'iBLS 7.6 THE P,,, - DUCTIOI' OF SULPII-'T--'Pj LJRII, -'G 
OF 1. =ý-L INTO SULPHURIC ACID SOLUTIONS 
Experiment 1 2 3 4 5 6 7 8 
Acid 
concentretinn 3.66 4#04 4*59 4972 4o95 5*33 5.8c, 6#47 
(moles/litre) 
Mass of 
lead sulphide 
precipitate 0 0 0 0.1995 0,1627 0.2714 0-3890 0.25,89 
11 ý., oles Na 1-450 0,800 1 *275 1-725 1.125 
of 
1,1'etal K 1ý 2.125 1-013 1.688 2-437 1-550 
(X 10 2) 
Total 3-575 1.813 2.963 4-163 2*675 
1, 
-'-ole ýo 
Sodium W*5 44*1 43-0 41 *5 42-1 
in alloy 
I, 
-'-, 
o 1esof 
sulphide from 0 0 0 . 333 3-30,03 3.827 3.506 4.669 
1 mole metal 
(x 10 2) 
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sulphuric acid 
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IREJACTIONS IN SOLUTIONS OF DH '> I 
Solutions of ammonia in water were employed ps the 
reaction media in order to avoid the complic-ýtions of met-1 1 
-- 
ions, particularly Na 
+ 
and X+ in both the reaction and the 
a- E- 
'Ialysi S. uxperiments were carried out -using the standard 
conditions already described, and the results, again? 
are in the form 'percentage of metal rea-rting' in a 
standard solution height of 80 mm. They are presented 
in Table 7-7- 
Table 7-7- PERCE11TAGE OF IMAL REACTING -WITH 80rnrn 
OF Aid-IONTIA SOLUTION'S AT 200C 
[I TH 
4 PH] /litre 1.01 1.81 3.63 4-54 5-44 6*35 7.23 
NTa 
reacting 24#3 24-7 25.6 24*5 22.8 25.2 23.6 
K reacting 29.8 33-3 30-5 33*4 34.2 3o. 8 30*3 
Comparing these values with those for waterý which 
6ýre sodium, 29.0'lo and potassium, 34-8; ýP it can be seen 
that the increase in alkalinity has far less effect than an 
increase in acidity of the medium. There is some spread 
in the results, but no real, positive, increase or decrease 
in reactivity occurs at these concentrations. 
Saturated solutions of potassium hydroxide (72: ý20 
moles/litre at 200C) were prepared and three experiments 
carried out. The quantity Of sodium reacting in each was 
20.6%, 24.2ýý' and 21.8ý61 averag-e 22.2ý69 This value represents 
a real drop in the extent of reaction. Concentrated 
hydroxide solutions deorease the rate, therefore, by about 
7% (from 29.0'; o' in water). The salts KOH /NaOH were precipitated 
in the reaction vessel during the course of the these 
reactions* 
7*7* DISCUSSION 
The results in this chapter are presented in terms of 
tpercentage of metal reacting in a given solution height. They 
are not, therefore, rates, but the values represent a contri- 
bution from each of the rates at the jet and from within 
the bubble. Conditions, also, were not exactly identical. 
Small variations in capillary diameters (changing marginally 
the surface areas of the liquid metal jets) and in the alloy 
composition, may explain the scatter in some of the results. 
This latter effect will not be particularly important, 
since it seems that the rate of reaction of sodium does 
not change significantly when sodium metal is substituted 
for the alloy (Section 6.6) i. e. the compositior of the 
reacting metal is relatively insignificant. Another 
factor in the rate calculations was the velocity of bubble 
rise. This might be expected to vary marginally as solutions 
of acids replace water, due to the differences in viscosity 
and density. For these reasons7 a number of results for 
each series of experiments were necessary* 
It should be possible to c-rry out all the experiments 
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described in this chapter a nurbe; r of times, with variation 
in the depth of water, in order to calculate rates of 
reaction at each stage, but for the purposes described in 
the introduction to this chapter, this was not necessary. 
It is generally accepted that the reaction between 
the alkali-metals and dilute mineral acids is more vigorous 
than that bet,,,., een the metals and water, and under some 
conditions this may be true for the reason that Equation(7-1) 
is likely to be more competitive than Equation (7o2). In 
217a + 
-LH 30+ý Na 
++ OH- +H2 
Na 
(7, D 1) 
(7*2) 
the present work, however, when the concentration of H30 
in the solution is increased to between 2.0 and 3-0 liolar 
H 2'504 
( IH3C)+] of 4-6 Molar), the rate of reaction 
d-iminishes, and falls to about two thirds of that for 
water. The most plausible explanation of this phenomenum 
is that a relatively insoluble salt i-- formed, which sets 
-up a dynamic equilibrium with its surroundings i. e. 
HK (S) :> liT, + (aq) +X (aq )* This has already been 
depicted for the situation at the jet (Figure 5,8). This 
idea can be extended to the situation of the metal in the 
bubble (Figure 7.6). As the metal comes into contact with 
the interior bubble surface, the product layer has to 
clissolve before intimate contact of the re-ý--ctants is possible. 
As the product dissolves, the metal reacts, producing 
more product. Provided that the rate of solution of the 
salt increases with its solubility, then the more insoluble 
H 20 
ý Na+ + CH- 1 
-i6E 2 
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H1O M mx Hzo)/ H2.0(j) 
FIGURE; 1,17ETAL REACTING IN THE BUBB-TF, 7 
is the prod-act, the lower will be the reaction rate. 
This picture is reinforced by two further experiments. 
When the solution is do-ped with Fe3+ ions, these prevent 
read, y crystallisation of the product in sulphuric acid. 
With some experiments carried out with such doped solutions, 
a rate increase is noted of over 1OLr/Oo However, rate 
increases were not noted for all such experiments. Secondly 
when the product of the reaction is more soluble than 
sodium or potassium sulphate e. g. metal iodicle,,. ý, the reaction 
rate is enhanced. A correlation exists, therefore, between 
salt solubility and rea-iýction rate. The correlation is not 
straightforward since the rate of reaction in HC1 to Produce 
-metal chlorides seems to be too high. Like;. j-ise akali 
-he lowest of all alkali-m--tal salt for 112S04' which gives 4V 
solubilities. This acid does not appear in 
the experiments 
in Section 7*3*3- since complications arise over which 
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concentration term to use. 
IT ýaturally, in terms of salt 
Solubility, the term should be the acid molarity. However, 
the di-basic nature of the acid, which doubles the hydrogen 
ion concentration in aqueous solution, may compensate for 
the lack of solubility of the product, and this may be 
the reason why these results (from Fig- 7*1- the of metal 
reacting at 4-0 "', olar) do not fit the solubility/reaction 
rate correlation. 
The real clue that salt solubility is more important, at low 
least atAcid concentrations, is provided by the ý-act that 
solutions of acetic acid provide a medium in 
. 
-ihich the 
rec-a3tivity of 1qaK is greatly enhanced over that for -water. 
Table 7*2. shows that sodium and potz; xsium acetate -are 
among the most soluble of these alkali-metal salts. The 
concentration of hydrogen ions is not however, as high as 
in any of the mineral salts, and this factor therefore 
makes little contribution. Table 7*8 gives the dissociation 
constants for the a; cids employed in the experiments in 
this chapter. 
!.. -oreover, there is no marked effect on the recxtion 
rate when the concentration of hydroEen ions is dramatically 
reduced, as in the experiments in Section 7.6, , with the 
addition to the solution of OH ions. Some reduction in the 
rate is evident when the reaction medium is saturated with KOH 
yet this may simply be another effect of the product film 
failing to dissolve, or loitering near the reaction site. 
The more concentrated is the ýacid, then, the more 
pronounced becomes the retarding effect of the insoluble 
sulphates. However, this trend in loss of reactivity does 
not continue, but reactivity begins to rise again at hiý---heer 
concentrationsy until at concentrations above 6.0 1,1olar, 
the reaction is too vigorous to control or measure. As 
this rise in reactivity begins, there is also evidence 
that the metal begins to react directly with the product 
TA-BLE 
Dissociation 
HI +H 20 
HBr +H 20 
HCl +H 20'v- 
Eýio*: ) + Hno "; Z- 14 
HS0+ --1.1 0 24 
WQ r) - j- W r) 
. 
L. L""4 -1 '2 "' "ý 
CH-., COOH + Hr)O,; z-- H, 
_)O 
++ CH-1 COO- 1-75 x lb -7A -ý WWW. L. L .Aýr, %. " ,;; Z- AA -) ýI W%dý IwI-, / ýI- &tw I- 
2 11.1 
ýs H30++ OT. I, 10-7 7-00 "; Z 
+ 
HSO 
2y-l 
3.2 x 109 
-9-, 50 
C, 109 
-5.00 
106 
-6.00 
2-3 x 10 
-1-37 
4x lrl C- 40 
1-1 
ýs H30++ so 4 
2- 1.26 x 1072 1*92 
IT DISSOCI, LTIOI', ' COl-, TSTr'2ýTL': ') OF ACIDS AT 250C 
K 
H30 
-ý' H30++ Br- 
"' 
3 cl- 
11 + 
aH 30+ 
ITO 
3 
A 17 C' 
-- .4 n75 
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2- 
surrounding it 
, 
reducing the SO 4 anion to elemental 
sulphur and H2 S* 
In gas/metal reactions, the sequence of film growth 
followed by film cracking and enhanced reaction rates is 
commonplace. 
62 This film cracking occurs when the film of 
product reaches a certain thickness, and becomes inflexible. 
Halstead 40 proposesy in experiments described in Section 2.3 
that this type of film fracture occurs when a drop of 
liquid water is released in bulk sodium, after a short 
period of film formation. The reaction becomes muted 
during this p, ýriod, but this is followed by a sudden 
increase in rate which is attributed to film fracture, which 
exposes the reactants to each other once more. An explanation 
of the increase in reactivity at higher zacid concentrations 
in the present work may be that the insoluble product 
builds up to sucha thickness as to be unstable at a particular 
concentration. The difference between this case and that 
mentioned above is that the product, sodium/potassium 
sulphate is slightly soluble in sulphr.. ric acid and in water. 
Film growth occurs, then, in a system of dynamic equilibriume 
This is illustrated in Figure 7.6, Film growth oc. cars through 
7,6 A, and reaches a maximum at 7.6 B (at this stage, 
with the metal completely enclosed, reaction occurs between 
the metal and the product directly), finally cr, ý. cking at 
high concentrations at 7.6 C. 
The work described in this chapter tends to conform 
to the principles proposed in Section 2*4 i. e. that a prime 
factor governing the rates of alkali ---netal/wat er reactions 
is the degree of mixing of the reactants, or the surface 
areas of metal and water in contact. 
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FIG. 7.7 Film formation and breakdown in acid 
solutions 
v 
[ACID]= 0-3-OM. 
MOH 
m 
M0H (S) M(" 
... 
0+ 0H 
ýCID] 
--* 
3.0 M. 
H, O 
C. [ACID] > 5,0 M. 
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CHAPTERVIII 
REACTION STOICHIOI',, 
--. j,2RY 
INTRODUCTION 
The eventual stoichiometry for the reaction bet-,, ýeen 
NaK and water is as shown by Equation(8.1). This is the 
H20 
-) IIOH -ý'ýH (801) 
overall result, and can feasibly be reached directly, or 
by a combination of the steps shovm in Equations (892) and (8,3)o 
I. 
-I +H 20- ) 11 20+H2 (8o2) 
. t, r, 
.H 421,10H 
(8-3) 
The latter possibility has already been discussed- in Section 2-4- 
Since the reaction rates in the present work rely on the 
rate of loss of metal, the rates do not distinguish, therefore 
between the two alternative routes. 
Yet a third process can feat-urej and this is the 
formation and subsequent hvdrolysis oj. metal hydride, shown 
by Equations(8 * Nlow the conditions at the metal -4) and (8-5) 
ITT 
ýýIl 1, Eý 
H ± 
(8-4) 
H2 
jet are conducive to the formation of metal hydridess, which 
requires high temperatures and high hydrogen pressures. The 
reaction rate of hydrogen with both sodium 
62 
and potassium 
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increases, as expected, with increasing temperature. The 
hydride formed first dissolves in the metal, but saturation 
and precipitation rapidly follow, since solubility of hydride, 
is relatively small even at high temperatures. This is 
shoi-. -n by Table 8.1. 
-64 
. 
T. A. BLE, 8.1 TIE SOLUBILITY OF HYDROG, 2-jQ4' III LICDUL) SODIUK 
Temperature ("C) 250 300 315 330 
Sol-ability (VIt ýo H,, ) 0.00042 090022 0.0052 OoO104 
A hiE, 
-h pressure of hydrogen increases its rate of 
reaction with the metal, and the process is generEýlly 
first order -vilth respect to pressure. 
The stability of the hydriCLe is also a function of both 
temperature and pressure, Generally, high temperatures 
cause loss of hydride on two counts: thermal decomposition 
of salty and increased dissolution in the metal. The 
inter relationships are best described by a pressure- 
composition diagram at various temperatures. Consider 
the first region of the graph (Fip,, -ure 2.5). This corresponds 
to the dissolution of hydrogen, as sodium or potassium 
hyd. ride, in the bu-ýk metal. The second, or 'plateaul 
region of the graph corresponds to the further reaction 
of the metal with hydrogen, to prodUoe the non-stoichiometric 
hydride 1. aI1_, )cj a-ld 
this is precipitated when the solution 
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becomes saturated. Addition of hydrogen to the system now 
does not result in an increase in pressure, and a three-component 
Xj H2 exists* region 
(14 H, KH, 
_. 
At higher temperatures, 
the variation in t'j'-ds equilibrium pressure varies according 
to the general Equation (8,6) 
. 
65 
A and B are constants 
log p i: 
_, 
T 
A (8.6) 
which vary from metal to metal. For sodium the values are 
At 5958 and B, 10#47 in the temperature range 500 
-6 OOoC 
47- 
Although the temperature range in the present work was 
from 20 to 60% only, local temperatures at the metal- 
water interface could have been much hiEher. Previous 
10 
re- ports have indicated large temperature rises (up to 
6000C) of alkali-, rnetal jets in contact with moist argon. 
Temperature rises of this magnitude have been discussed 
in Section 2-4 in connection with the reverse (water/sueam----ý 
liquid sodium) process to the one investigated in this workt 
and the experiments described in Section 5.2 indicate that 
heat is not quickly cowý. Iunicated away from the metal in the 
present system. It is not unlikely, then, that the temperature 
of the alkali--metal jet is in the region of 6000C* In fact, 
this temperature can be reg-arded a-z_, a minimum for this system* 
The conditions, therefore, - high temperature, 
clean metal jet surrounded by hydrogen - favour the direct 
reaction between 1', TaK and hydrogen. 
The formation of hydride at such a jet has been verified. 
Dowling 49 used a method ot photographic analysis in an 
attempt to detect this product. By measuring the volumes 
of two bubbles, one as it left the jet and one a short 
distance above the jet7 he calculated the quantity of hydroEen 
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produced by hyd-rolysis of the metal during this distance of 
travel* Knoifing the number of moles of metal reacting in 
this d-ist-nce (from the gradient of % metal vs water 
depth graph) he was able to conclude that simple metal 
-hydrolysis 
(Equation (8,1)) did not account for enough of 
the hydrogen which had been produced, and that a contribution 
from the hydrolysis of metal hydride (Equation (8*5)) would 
explain the disparity. Note that the reaction (8-5) yields 
t-wice as much hydrogen per mole of metal than the rea-tion 
(8*1). The metal, therefore, reacted both with water and 
hydrogen at the jet (Equations(8.1)and(8-4))* Subsequently 
in the bubble, the hydrolysis of metal was : --ccompanied 
by hydrolysis of metal hydride (Equations (8.1. ) and (895)) 
There are at least two ways in which this may be 
verified: 
- 
(a) Observation of hydrogen production at the jet. 
Knowing how much metal reacts at the jet, this 
can be compared with the quantity of hydrogen 
produced. This quantity should be less than 
expected for the total hydrolysis of the metal 
if, in factt hydrogen is dissolving in, or 
reacting with the metal. 
(b) Product analysis. Since it has been proposed 
that the metal hydrides hydrolyse in the Ibubble 
stage' of the reaction, hydrides are most 
likely to be found at the metal jet. 
Method (a) is the simplest to apply in theory, since 
it requires information already available i. e. the rate 
of bubble production and averaý7e bubble size at the jet 
(Chapter 4) and the number of moles of metal reacting 
at the jet (Chapter 5). There is a d-ra,, -, back, however, due 
to vapourisation of water in the vicinity of the hot metal 
jet. The bubbles contain water vapour, and the proportion 
of hyd-roE; en in this Eas mixture cannot be determined. 
,,, ethod (b) was applied in the 1ýresent TjXrko I, etal 
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from the jet was analysed for TTa(K)H by the method of 
hydrolysis, the difference in hydrogen production 
indicating the proportion of hyd-ride in the metal. 
8.2. EXPERIME, ETTAL 
The experimental procedure was in two parts, collection 
of the metal sample, then analysis of the sample for metal 
hydrides by hydrolysis. 
Sample collection was from a modified reaction vessel. 
This is shown in Figure 8.1. It consisted of a glass reaction 
vessel, as before, with the addition of a water reservoir 
at the end of a U-tube, situated above the level of the oil 
in the vessel, and connected to the bottom of the vessel. 
The sample vessel was connected through the sidearm (A) 
above the oil level. The tap (B) allowed the sample vessel 
to be flushed with argon gas using the gas inlet on the 
reaction vessel, at the same time as the reaction ves"c 'el, 
prior to metal injection. 
The injector, with 0.1 mm capillary attached, was 
introduced to the vessel in the usual way, and the distance 
between the c-apillary opening and the oil layer was arranged 
to be as small as possible, to reduce hydrolysis of hy(Iride 
during passage through the water. Argon gas flow through 
the injector made measurement of this distance difficult. 
Figure 9.2 illustrates this. The gas continually disturbs 
the surface, and the water depth through which the gas is 
passing fluctuates. The water depth through iý. -hich the 
metal passed -v,, as estir, ýated to fluctuate in the range C4 mm, 
12 B 
Fl G. BJ Hydride detection 
-sampling apparatus 
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after observation of a metal injection using a telescope 
with a cathetomet--z--- 
FIGURE 5o2. ARGOIT FLOW AT '-i= WATER/OIL INTERFACE 
After an injection of metal, the unreacted metal ended 
up as usual in the form of globules Sitting on the surface 
of the oil. Water was then admitted to the vessel via 
the U-tube connection. Oily containing metal from the jet, 
flowed into the sidearm (A) and-thence into the sample 
ve. ssel. About 20 cm3 of oil were necessary to fill the 
sample vessel to half depth, after which the tap was closed 
and the vessel isolated. The saimple vessel was then removed 
from the reaction vessel, and dregs of oil/metal cleaned 
out from the section bet,,,, een the tap and the groand glass 
joint. 
Sample analysis was carried out using the vacuum 
frame shoý. 7r in Fitýý=e 8-3. for measurement of the total 
'-hydrogen evolution during hydrolysis. The solutions of 
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FIG. B. 3 The hVdrolysis frame 
\1 I 
I 
pump 
D 
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Na +K+ remaining after hydrolysis were analysed by atomic 
emission techniques. 
The analysis vessel (A), containing metal suspended 
in oil, was mounted beneath the reservoir of the de- 
aerated water (B). After evacuation of the frame and analysis 
vessel, the frame was isolated from the pump, and water 
from the reservoir allowed in, in quantities of one cm3 
Each addition of water Tvias followed by a period of a, 
--it, -. tion 
using a magnetic flea as agitator and rotating ma. -net (C). 
The hydrogen pressure was monitored on the manometer (D). 
After agitation for approximately one hour, the manometer 
level settled, and another 1 cm 
3 
of water was allowed in. 
Additions, in total? of 4-6 cm3 were necessary for complete 
hydrolysis. This was considered to be complete when no 
change in hydrogen pressure was noted after agitation for 
an hour, The volume of the gas space in the frame was 
then calculated from a series of 1. V. T. data using the known 
volume of the bulb (E). This volume was different for 
each experiment, since the volume of the water + oil in 
the analysis vessel varied. 
The analysis vessel i-I-as detached from the frame, and 
when the layers had separated7 the water (lower) layer 
was run off. More water was introduced, shaken with the 
oil, all. owed to separate and then run off. This process 
was repeated several times, and finally the water layer 
was made up to a volume of 500 cm 
3 for analysis. 
A total of nine experiments were performed. A further 
series of four were carried out in which the depth of 
water above the capillary opening was increased to 50 mm- 
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8.3. RESULTS 
Experiments 1-9 are for a water depth of 0-4 mm, 
experiments 10 
- 
13 for a depth of 50 mm. Full details 
of the analyses are presented in Appendix 2. The essential 
results are presented in Table 8.2. 
The second column is the total quantity of metal 
ions (Na+ + K+) found in the sample after hyd-rolysis. 
The theoretical quantity of hydrogen produced according 
to the reaction (Equation (8.1)) during hydrolysis is half 
of this value. The third column shows the quantity of 
hydroEen actuelly produced during hydrolysis. The values 
in the fourth column were calculated from Equation (8-7)9 
2(b 
- a/2) x 100 
Mole % of RM in sample = 
a 
(8-7) 
a= moles of metal in sa-mple (column 2) 
b= moles of hydrogen produced during hydrolysis 
of the sample (column 3)- 
The fraction (b 
- 
a/2) represents the excess hyd-rogen over 
that resu-1ting solely from metal hyd-rolysis (E-,, a--tion (8.1)). 
This comes from 2(b - a/2) moles of metal hyd-ride. A full 
-L I deriw.. tion of Equation (8-7) appears in -', ý-ppeendix 
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TABLE 8*2 RESULT-) OF HYDRIDE 
c Ex-neriment Moles metal H released 1ý I, Ta (K)H in : ý: 2
in Sanple (a) ýmoles) (b) sample 
-(Xl 
0 3) 
1 5,08 2-54 0 
2 8.08 4*73 17-61 
3 8.56 4-55 6.3 
4 6.12 3*31 8o2 
5 co 4-95 11.2 
6 5c, 11 2- 70 5-4 
7 1-43 0-73 1-4 
8 8.61 4-42 2.6 
9 7.32 3-78 3.3 
jo 6-48 3.20 
-1.2 
11 8-72 4-18 
-4.1 
12 6.22 2. c, )8 -4.2 
4.20 13 8. cq -6-5 
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8.4 DISCUSSION 
The results fall into two ca-ateE. ories: Experiments 
for small travel distances, show the presence of metal 
hydride. There seems little doubt, therefore, that metal 
hydride is produced at the jet and is carried away from 
the primary reaction zone by the unreacted metal globules. 
The proportion of hydridep however, seems to vary from 
zero to 17-1'/c, mole even under constant conditions. Hence 
only a rough average is obtained. This discrepancy in 
the results may ha-ve a number of causes: 
- 
(a) Variation in the ratio of sodium to potassium 
in the alloy. At 240 0C the rate of reaction 
of sodium with hydrogen is 1-84 x 10 -8 cm 
3 
s 
-1 cm -2 Pa -1 1 
62 
that of potassium is 
6.85 x 10 -8 9 
63 
or more than three times as 
fast. If the metal-hydrogen system in this type 
of metal-,,; ater reaction is not at eruilibrium, 
the above figure. - would suggest that more I-Lyaride 
would result from experiments in -,. -hich a pot: -ýssi-L=- 
rich alloy was used, then for a sodium-rich alloy. 
The results, however, do not indic. -Ete this. 
Experiments 1-5 employed sodium rich alloys, 
and 6-5 potassium rich alloys (see Appendix 2). 
There is no noticeable difference between these 
sets of results. 
(b) Variation in the distance travelled. This is the 
most likely reason for the variation in the 
results. 11aintaining the constancy of such a 
small head of water from experiment to 
experiment was difficult. Koreover, the head 
varied due to turbulence when the metal was 
injected. The most pertinent conclusion that can 
be drawn is that TTa(K)H is rapidly hydrolysed 
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immediately after leaving the jet, and since 
it is likely to be found on the surface of the 
metal globulesy due to its insolubility in the 
metal, it is preferentially hydrolysed when the 
globule hits the bubble wall. Therefore, 
hydride disappears after only a very short 
distance of travel. 
The average value is 6.2ýc. Since the lowest (zero) 
and highest (17-1%) results were from the first two experiments 
performed, where expertise was naturally least, it is not 
unwise to ignore these, and the average becomes 5-5'16- 
This adjusted value is subsequently used in the reaction 
rate calculation* 
Experim, ints 10 
- 
13, over larger distances (50m) 
show t. -Lat all the hydride has been hydrolysed within this 
short ascent. The values in column 4 are no longer greater 
than zero. The fact that they are not zero 7-ut now negative 
is very significant. They mean that the positive values 
for experiments 1-9 are probably minimum. This implies 
that not all of the metal ions which were analysed originated 
from hydrolysis of metal and metal hydride. Clearly these 
must have come, therefore, fron metal hydroxide. Thus the 
ascending hydrogen bubble contains not just metal globule 
covered with hydride, but also some metal hydroxide which 
may have been responsible for the observed grey colouration 
on the globules eventually trapped in the oil layer. 
From these resultsy it is proposed that the build-up 
and subsequent removal of metal 
-hydride is ex-, 1--remely rapid. 
Figure 8-4 illustrates this. In the jet reaction, 1-i is 
consumed very rapidly and KH produced. Subsequently7 as 
the bubble rises, M is consumed less rapidly but the surfaýce 
Dal disappears by hydrolysis almost immedi,: ýotely. v,, ', ith a 
more sophisticated technique? it should be possible to 
plot points for the curve 11-H, by minute variation in Lhe 
wa:, ter depth7 follo,,,. Ted by aý-ý-1,7, rsis as described- ý-bove. The 
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G) 
FIG. BA The production and removal of Ng(K)H 
jet bubble- 
i ime 
present work places the point (a) at 5e5ýý' of the total 
metal, and point (b), Cýi4ov at 50 mm travel C. 2 seconds) 
at the most. 
The rate of reaction of hydrogen with the metal (it is 
not possible to separate the alloy into its two constituent 
parts as with 11 +H20 reactions) is calculated from the 
knowledge that metal leaving the jet contains approximately 
5-5 mole cjý, 1,2H. 
. 
4. similar treatment to that in Chapter 5 
(I, " +H20 reaction rwtes) is applied. 
The reaction between metal and water was assumed to 
take place over the surface area of exposed metal A-B 
(Figure 8-5)- In this case, reaction 8-4 can only take 
I 
C 
FIGuRE 8.1)- UPE REACTION 1,. -+H 2 
B 
I'.. 
A 
place in the region BC. The total length AC, from photgraphs, 
Is 3. on averaCe. This means that the reaction is 
t, aking place over a d-ista:, 
---ce of 3-. c, 'O'- 
0-42 = 3-48 mm, 
0.42mm, being the avera-, ge d-istance AB. 
Every second-, 20 mg of alloy leave the capillary to 
produce the metal jet. In an alloy of composition 
50 mole sodium, -this represents a -Lotal of 6.44 x 1074 
13B 
moles of metal. Of this, JJL, 'ý, 3 of the potassium (0-35 x 10-4 
moles) and 4-7, C, of the sod-ium (0.15 x 16-4moles) react 
in the region AB. This leaves (6.44 - 0*35 - 0-15) x 10-4 
5.94 x moles of metal to enter the gas envelope and 
react with hydrogen. Of this metal, approximatelY 5-5ýýi 
or 3.27 x 10-5 moles react according to Ecýuation (8-4) over 
2 
an area of 2-iirl or 10-93 mm. The rate of reaction is 
therefore 2o55 x 10 --6 mole s/s/mm2 at the bulk water tempel-. 
--tures 
of approximately 200C, although the local temperature at 
the site of reaction may be much higher. 
8-5 Colmusius 
10 NaK reacts at the jet to form Na(K)H. 
2. The proportion of IIa(K)H in the jet metal is 5-5ýý 
on average. 
3- Iýa(K)H is captured with unreacted metal in the bubble. 
4- Surface I\Ta(K)H hydrolyses rapidly in the ascending bubbleo 
The rate of reaction (Equation (8-4)) is 2.59 x 10 
moles/s/Mun 
2 in this system. 
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CHAPTERIX 
HLEJACTION IlTIERIEDIATES 
ý01- INTRODUCTION 
When the alkali--inetals are dissolved in certain 
solvents, blue solutions are observed. The phenomenon was 
probably first observeft in the solvent liquid ammonia. 
66 
A similar solution arises using the alkyl amines, 
67 
(sEnd 
with the fused alkali amides and even with fused sodium 
hydroxide. 
68 
Wolthorn and Fernelius 
69 
noted that whereas 
blue solutions arise on the dissolution of potassium in 
methyl alcohol, there is no such colour in ethyl alcohol( 
Extending their work to cover the solvent water, they 
tentatively suggested a transient blue colour arose during 
the reaction between potcassium anci- 
.. 
TEter, and su. -. -ested 
therefore that i,: ater be considered a solvent for the alkali- 
metals, albeit giving a very unstable solution. The source of 
the blue colouration in these solvents is now estcBblished 
as the solvated electrong which arises from the reaction 
described by Equation (9-0) 
1, + solvent (solvent )+e (solvent) 
This species is regarded as stable in the case of 
- and the allk-ý, rl amines, less so in the case liquid ammon` 
.1 
of the alcohols, and much less so in the case of v,. -ter. 
As the acidity of the medium increases from ami-:,. onia to the 
alcohols to water, so does the st-: ýbility decrease. 
In the case of v., ater, the accepted reaction p---th was 
as shown by Equation (G,,. 2) until the discovery of the W 
N+ li OH +H (9-2) 
hydrated electron. The intermediate in this re. -action is the 
H atom. Molecular hyd-roE-en axises from the secondary 
combination of this species, as sho-vm in Equation (9-3) 
H (9-3) 
70 
Bronsted and KEýne modified this to take account of hydrogen 
ions in solution, and slso of the fact that a metal surface 
consists of positive metal ions and free electrons. For 
the reaction at a metal surface, therefore, they replaced 
Equation (9.2) by (9o4)- It was not recogýnised at, this 
H0 3 -(surface) 
-L 
H20 
-1 (94) 
time that the electuron depicted in this equation could 
exist independently in solution. This was first proposed 
by Stein and Platzman in in 1952 
71 
, 
and is now a recognised 
feature of the radiation chemistry of water. Two modern 
reviews 
72173 
and a book74 show the importance of the species, 
and describe its many and varied chemical reactions. 
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It was shown, at least in the case- of soddiý: -. ý-malEar. s, 
by Shaede and 'v'ý'alkerj 
75 that the hydrated electron is an 
intermediate species in the reaction betVieen the alkali- 
metals and water. They recognised the difficulty in 
distinguishing between e (aq) and H atoms due to their simil:: ý-r 
chemical nature (as very powerful reducing agents) and their cwý 
interconvertibility, sho-vm by Equation(9-, 5)- By the 
H (aq) + OH (aq) (9.5) e (aq) +H 20(l) 
technique of competition kinetics, however, they showed that 
e (aq ) and. not H is the precursor of molecular hydrogen. 
An efficient scavenger of e (aq) is N20 (Equation 
(aq 20 K OH) (9.6) 
and CH 3 OH is known to remove H atoms 
(Equation. (, c/-7))- 
H2 + CH OH (9*7) H CH 3 OH 2 
In a reaction between sodium amalgam and water in which 
the solution contained both nitrous oxide and methanol, 
nitrogen was the principal product 
(Equation (ý. 8)) 
). NIaOH + IT ITa (, Hg +H20+ CH 3 OH + 2"120 2 
The comparý, 
-D-tive reaction 
rates for the above processes are 
show-n in Table gel. 
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I. TS Tli BIZ, THE R-ý. ýýCTIONJ R-t-JES OF HYDR. L. TED ELOCTR-0 
,,, -A, OIý, , s 
76 AND HYDRO_G---. jE. r. 
9 pro d-uc x 10 mole- 1s 
2 
(aq) + CH 3 OH 
CH 3 OH 
)Products 3x 105 molel s-1 
4 products 104 mole-! a-1 
prod-acts 2x 10 
6 
mole-! s-1 
Further evidence for e (aq) as an intermediate is 
shown by the effect of cupric ions on the reaction between 
sodium amalgams and water. 
77 1iith the inclusion of Cu 
2+ 
if molecular hyd-rogen arises from the combination of two 
hydrated electrons, the relative rLAe constant would be 
k(e- + e-) / k(e- + Cu 
2+ 0-13- If the hydiýoýren 
is the combination of hyd-rogen atoms, this becomes 
k(H + H) / k(H + Cu 2+ )-"'190. Experimental ratios 
indicate the former case. 
The initial reaction step is therefore described by 
followed by Equations (, c, 
-, 
j0)j (, C. 11) Equation c 
or Note that in the case of(goll) and (cY. 12) 
Uhat the hyd-rogez: atom is still a precursor to 
hyd-rogen t 
molecules (Equation (c,, '-3))j but the prod-uction of this is 
not an initial step in the reaction. The rates ol these 
reactions are: -78 0.6 x 10 
10 
, 
2.06 x 10 
10 
and 16.0 
1 
mole-i s- for equations 
(c*10), (c. 11) and. (c. 12) 
respec . uively. 
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e (aq) 
4- 
e (aq + 13 0 
e (aq ) 
2 OH (aq) 
4H +H20 ( ) 1 
(q. 1 c) 
(9-11) 
(c 
/*12) 
The most likely reaction in water, therefore, is that shown 
by Equation (C 
.. 
*11). The reaction shown by Equation (9-12) 
plays a minor role. 
9.2 
_ 
THE OBSERVATION OF e (aq) BY SPECTROSCOPY 
The absorption spectrum for the species e (solvent) 
is known for many systems. The best understood is that for 
the solvent ammonia 
751 
and in this solvent there is a 
maximum atu 1400 nm with an extinction coefficient of 
-4 j,, -1 -1 50 X 10 CM o In water, the spectrum of e (aq) 
has been determined during pulse radiolysis experiments. 
. 
80 81,82 
The results for ice and water at 250C, show a maximum 
-41, ý- 1-1 at 715 nm --a'ith an extinction coefficient of 1.85 x lb CM 
It has been claimed that this s-,. --ec-'ur-w-,, can be observed 
during the reaction of sodium with wa er. 
83 
Using a simil, -ýýr experimental ap-rar---'uus -Lo th--t in 
FiL-rure 4.2 (re-. ction vessel rý'odified for rlý)-oto-ra-_, hic 
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observation) attempts -v., ere r, -a-de in the present stul to V 
obtain a spectruirij using a Perkin----'Ilmer 402 Ultraviolet 
Spectrometer, in the araa of injection. 1jespite several 
endeavours, no chzracteristic peak in the region of 715 nm could 
be detected. The beam, of the spectrometer cut the area 
shown in Figure 5.1. 
\. O 
ý, Ojo AI ýJA - FIGURE c' APE' COVERED BY U. V. SP! I]CTRO-, -2ETER B` IT 
There are obvious difficulties in attempting to record 
a spectrum of e (aq) in this way. The hydrogen envelope 
is not p:, rmanent, but fluctuates, thereby rapidly changing 
the pýAh length of the radiation. The main problem, however, 
concerns the concentration of the s-pecies in the region 
observed* In a U. V. spectrum- of e (aq) produced by pulse 
hydrolysisy the species are widely separated, minimising 
their interzwtion (Equation (5-10))- In the present work, 
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however, hydrated. electrons are produced over a localised 
region, and are not likely to penetrate into the solution 
to any great extent. 
9.3 VISUAL OBSERV. 6. TION 
In most reactions between an alkal-metal and watery 
it seems impossible to prevent the species e- (aq) from 
being rapidly removed due to reýwtion (9.10). Some 
authors 
6,0,83 
have sugE-ested conditions which might, enable 
hydrated electrons to be observed visually. These 
conditions are: 
- 
(a) The use of low temperature, to decrease the 
rate of reaction (9., trO), and thereby increase 
the lif etifne of e (aq)* 
(b) The use of alkaline solutions, to decrease 
the rate of reaction by reduction in the 
concentration of H30+ 
(c) The use of metal in excess e. g. at the interface 
between reacting metal and glass. 
With these suggestions in mindp some simple experiments 
were conducted in the Nottingham laboratcr-ý-,. Thus -v, - ter 
was poured onto the surface of sodilurn at -78'C. Reaction 
occurred, but no blue colour, transient or otherwise, 
was observed. 'ý, Then the water was alloored to freeze 
still in contact with the sodium surfa7ce7 there -,, Tas -no 
blue 
colouration at the ice/metal interface. The same result 
was obtained i-., hen -117aK was substituted 
for sodium. 
In experiment, hoi-,, eve--T-7 in -v: h-ich condit 3- o'ns 
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(b) and (c) prevailed, but not (a), a blue solution -v, - :: 
-s 
obtained in a reaction bet,. 
-,, een liquid WaK and water. The 
situation is sho-v, 7-n in FiE-are 
. 
0,. 2. 
1. drop of water ran down the length of an open 
glass tube. The surface of the tube v, -as coated 
with liquid I-, aK 
Reaction occurred immediately, with the production 
of white hydroxide. 
After severcl seconds, a blue film appeared 
between the metal and the glass surface. The 
tube at this stage was-ýery hot, and the hydroxide 
molten. 
This experiment indicated- that condition (a) above 
is not necessary for visual observation of a hydrated electron. 
in fact, the opposite may be true. The reaction described- 
,,, 
10) is likely to be slower at low tempereEtures, by Equation (0 
C b-, it at hi&-r te-m-per-tures. reaction (5-13ý, the -production 
of solvated electrons, may more than comp-ensate for this. 
Na (K) (I. ) H20 (1) (aq) +e (aq) (9.13) 
This shows that the ssituation depicted in Figure 9-3 may p-revail. 
At a particular temperature, x0C, reaction 
(9-13) becomes 
fpster than reaction (, 9.10) i. e. the hydrated electron 
is generated faster than it is consut-ned. 
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FIG 
- 
9.2 NaMexcess) + HQ(I) 
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FI GURE 5.3 TIE PiRODUCTIO'll- 1'1-4D RET, ', OV. ýL OF 
VARIATION T9TITH TEt, T-lj - -'RATU, HE 
This simPle experiment showin- the remarkabl-7 cleE,, r 
blue colouration at the metal surface is extremely siEnificant. 
It shows that in these liquid metal - liquid water reactions, 
the hvd-rated electron is produced and that this species must 
be incorporated into aky postulated reaction mechaýnism. 
The balance of rate of generation and consumption of 
e (aq ) appears to be quite criticEd if the blue colour is 
to be seen. Thus similar experiments v. -ith sodium alone, 
and with potassium alone, did not sho,, V- the blue colour, 
possibly due to the fact that the developT--, --nt of high 
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temperatures does not occur as rapidly in the parent 
metals as it does in the more reactive alloy* 
CHAPTERX 
! EVIE*, ýT OF THE P. HOjECT 
10-1 ILI"PRODUCTION 
The work in this thesis falls into several distinct 
areas: 
(a) The physical behaviour of liquid alkali-metal 
jets in water. 
(b) Rates of reaction of the metals with iater, and 
the activation energ-ies for such reactions. 
These are in two sections: one for the rates 
of r. Daction of the components of ITaK and one for 
those of sodium. 
(c) The reactior, between the alkali-metals and hydrogen. 
(d) The effect on the reaction of add-itives to the 
solution. 
(e) Aspects of the reaction mechanism in solution. 
The results of (a) have alread, -y- been dealt with in 
detail. The results from part (b) be compared , -,, lth tne 
results obtained by other workers, and with the rates of 
reaction of other Group I metals. The combined results 
will be used to propose some ideas on the reaction mechanism. 
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10-2 COIT1'-, I'JS0, -, OF 
-i-. CTIVATIOI-. j-]ITERGY -ij-, '.TA 
A comparison between the published activation energies 
for the reactions of lithium and sod-ium with water is 
shown in Table 10.1. For the reactions numbered 3,4 and 
57 the Roman numerals I, II and III refer to the staEes of 
the reaction Li +H2 O(g) described in Chapter 2. For 
reactions 11 and 12, the numbers (i) and (ii) refer to 
the situation of the reaction; (i) applying to the jet 
and (ii) to the bubble, in the present work. 
Reactions 1 and 2 were carried out by Dowling. Due 
to the similarity of the activation energies determined, 
he concluded that a similar rate determininE step may apply 
to the reactions of water both in the gas and liquid phase. 
Reaction 2 is most experimentally comparable with the 
present work which is depicted by reactions 11 (i) and 
12 (i). The present work provides activation energies 
IT T 
-vlýhich are both higher (for a in NaK) and lower (for K 
in 1,, TaK), than for LaY- itself. Intuitively, this is to be 
expected i. e. the alloy has characteristics in betv. -een 
those of the pure metals. There appear to be certain 
con--entrations7 however, eg. 60 mole', ITa which possess 
unexpected enhanced reactivity and give rise to activation 
energies which are lower than thos, -ýý for either sodium and 
44 IT potassium alone. 
.o specific dsta are available, 
however, for potassium alone with either liquid or gaseous 
water, so that this claim should be treated -, %ith some 
reservation. 
For the reactions of sodium in the condensed phase 
with i,,,, ---ter va-pour (reactions 6- 5), the quoted values 
of the activ--tion energies range from 18-4 to 33-5 KJ/mole, 
thereby shoiTing a considerable spread. At-n average vF-lue 
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is 25., c). The only value quoted for the reaction of 2iauid 
water (reaction 10) is 60*8 KJ/mole, and this is consider. -ably 
greater than the 38-3 and 33-0 YJ/mole obtained in the 
present work. It should be remembered, however, that these 
lower values are for a system which must include some 
water vapou-r (See Chapter 5)- Perhaps the most general 
feature is that the present values of 38-3 and 33-0 fall 
bet,, 7. een those previously quoted for liquid water (60.8) and 
water vapour ( werage 25.9)o 
10-3 REACTION IIZCHA! aqSIl 
Mhereas the reaction of water vapour or individual 
molecules with the alkali-metal surface must involve 
ad-sorption, polarisation of the 
Lolecule, 
electron transfer 
and bond cleavage, the use of liquid water adds a new dimension 
in that the electron can now be transferred to a group of 
-vi, EEter molecules to create an electron in a cage thereby 
spreading the charge over several molecules. This bestows 
some transient stability since in Chapter 5 some evidence 
was presented for believing that water could dissolve 
the alkali-metals through the process of creating a solution 
of hydrated electrons and metal cations. Due to extreme 
reactivity of the electron, ho-v,, ever, such solutions are 
not stable. The generation and fate of the electrons are 
shown by the scheme below. 
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H (1) -'ý- e (aq) 
e (aq) 
H20 H OH- 
1093.1 Reaction in solution 
H2+ 20H 
number of points arise on the solution side**- 
(1) The reaction of liquid water with NaK in tubes 
was shown in Chapter 5 to give the characteristic 
blue colour of the krd-rated electron. Thus there 
is strong justification for invoking this species 
in the present work. Competition kinetics have 
also indicated this reaction path for the reaction 
between dilute sOd-i=,., FlnalEýE-s and water. 75 
(2) The nature of the hyd-rated electron is independent 
of its mode of generation. 
88 
The spectroscopic 
properties of the species are the sarne with 
r -1 -1 .I E =: 1- 84 x1 
Ail 
cm at the '--bsorption maximum bc 
715 nm, irrespective of the source. ' Thus 
differences in the chemical reactj-v-ity of the 
-jalkali-metals to-,, -ar, -'Ls liquid water must be 
explained by varia-L-ions in the initial, or 
dissolution ste: P- 
(3) The dissolution step involves loss of an electron 
from the metal and encapsulation of this electron 
and metal cation by water molecules. T! his can 
- e, the sch me belo,, -7. be illustrabed by 
HHH 
-'H 
/ H 
KA 
0' e / / 
H 
m 
2OH() 
Mt (aickv) 
I'violecules in liquid water are adsorbed at the 
metal surface. Electrons are transferred to the 
h, ydrogen-bonded liauid creating the caged or 
hydrated electron which reacts with another 
such species to prod-ace hydroxide and molecular 
hydrogen. The electron is thus consumed, the 
solvated cation remains in solution, and molecular 
h3rd-rogen escapes unless further contact with the 
metal is allowed. The slowest --, nd hence rate 
determinin, c, step Fppears tobe adsorption and 
electron transfer. Idsorption would then be 
strongest on the heavier metals i. e. caesium, 
and electron transfer easier for the heavier 
metals. Adsorption is favoured by suitable I, -M 
spacing and electron transfer, 8; enerally, by the 
atomic size. -,,,, -Ihereas it is not clear which 
spacing is most suitable for E. --dsorption, t1he 
ionisatudon 
--oter-tial and work funotion decreai--ý-e 
doi%rn the grou-nj the latter beir-ý- more appro-r=a: te 
for the b-alk r. -. e-tal. 
Li y Rb Cs 
-ork DL2---ctlon 233 220 216 201 174 
Y, j/mole 
(4) 
(5) 
The dissolution of cations does not appear to 
be rate determining. 17ýaturally, these must be 
transferred into solution before further reaction 
can take place with the second layer of metal 
atoms. However, this d-issolution becomes less 
energetically favourable the larger the metal 
ion, and the mobility of metal ions (apart 
from that of lithium) in water decre=es dovm 
the group. Since these factors do not vE-ry 
in accordance with the observed behaviour of the 
metals (increasing violence of reaction with 
water with increasing atomic number) the 
dissolution and removal of cations from the 
surface is not rate determining. 
In pr=-tice, the basic processes may be masked 
by products. Gaseous products prevent the metal 
from arriving in solution, and with solid salt 
films the observed rate might well be controlled 
by the diffusion of metal atoms through the 
salt towards water molec, )les. The thickness of 
the salt film may be governed by its rate of 
solution in water and also its absolute solubility. 
The reaction between e (aq) and e (, q) 'ýýive3 
rise to the observed reaction products directly. 
The species e 
2- is probably present as a 2(aq) 
transition state or highly unstable intermediate. U 
This is analogous to the species e 
2- 
2(N-H )' its 
equivalent (stable) counterpart in liqLd ammonia. 
(6) The reaýction of Nav., i-., ith aqueous acid is more 
rapid th-?. n -ý-ath pure -,, -ater at high acýjk., ýoncen- 
trations in the pressent work. There is evidence 
(Chapter 7) that when interference from aalt films 
is eliminated or reduced, that the rate is enhanced 
at 
-'Lo-v, T acid concentrLtions as -i; ell- 
Certainly 
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-L the reaction of e -- (aq )with H 30"S approximately 
three ti7ies as fast as that of e (aq) with 
another e- (aq)l 
go but this does not automatically 
rean that the fate of the solv--ted electron C- 
controls the overall rate. Under acid conditions, 
the adsorbed species may no lonc-er be a simple 
water molecule but a hydrated proton, H30+ 
Adsorption and transfer of an eledtron to this 
species is intuitively expected to be both more 
energetically favourable and rapid. The scheme 
is illustrated below. 
H0+H0 33 (ad-s 
T+ 
1-i 
(iii) H30 (ad-s )+ e- )H 20+H (acls ) 
(i V) i"I (surface) (aq ) 
The hydrated electron does not feature in the 
above scheme. ýi significant difference between 
the reaction of metal i,. -ith water and acid is 
the modee of generation of molecular hydrogen. 
With i-,, ater, this is the result of reaction of 
e- In acid, atomic hydrogen results both 
from the above scheme and from the reaction of 
e- (aq) with H30 
+ Another steD is therefore 
necessary to account for the observe(I formation 
of hydropýen mo2ecules. CD 
H(aq) 
-- 2 
+ T-ý H 
's 2 
a. ds ) -- (ads )2(? d 
15B 
Yet one more reaction appears to be rele-, --, nt 
in acid solutions and this is the reduction of 
Enions by the hydrated- electron. In the reacctions 
between i, aY- and concentrated sulphuric acid, 
both sulphur and hydrogen sulphide 
. 
',, ere detected, 
possibly arisinZ from the reaction shown by 
7) 
--jcru; ýAion(10.11 This is a relatively slow reaction 
e (aq) + S04 
2- 
sulphite, sulphidelsulphur etc 
(Jo6 1'T-1 s- 11) and hence only becomes important 
at high concentrations of this 
-,:: ý. rion. In the 
present work on acids (Chapter 7) it seems probable 
that the reduction of sulphate must occur directly 
and not through the solvated electron, since the 
concentration of sulphaate ions in solution was 
always half that of hydrogen ions Oasýýuming 
complete ionisation of the acid)? and the reaction 
between e (aq ) and H is approximately 
4 30 
(aq) 
2x 10 times faster than Equation (10.1). 
If sulphate forms a solid layer against the metal, 
then direct reaction ensues, possibly according 
to the folloT-, ing Equations (10.2,10.3,10-41 
and 10.5). Reduction of this nature has been 
reported in previous work on alkali--inetal plus 
C1 
sulphuric T; cid reactions. / 
+ Na 2 SO 4+21, -a 
Ya 2 SO 320 
(10.2) 
ITiI 7 (1 C. 3 a2 SO 4+ 2-,. a so 2+2.. a 20 
Na SO +S+4!, ýa 0 OC-4) 242 
Zýj a0 (10-5) ila 2 so 4+ -2 ,'2 
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The rate of the reaction b--t,. 
-7een rý- and 
a water molecule is so slow (16M sý compared r1- 
to the other possible reactions that this reaction 
can effectively be ignored in the reaction schemes. 
10-3-2. REACTION 
-. 
t", LT THE SURFACE 
Although the reaction pathway for sod-ium amalgam, + 
water reactions has been shown to proceed via a hydrated 
electron, the evidence is not so strong for sodium metal. 
Using partially deuterated water, the H/D isotope effect 
in hydrogen evolution from sodium amalgam comes out to be 
4.6 0.2 which is consistent with the effect expected for 
the reaction e-+e- 
92 
, 
93 For sodium metal (aq) (aq)* 
however, the value is less than 2. Thus in the reaction 
1-ýa(ljs) +H2 0(l), the possibility of a surface reaction 
(Equation (10.6) ) cannot be excluded, and tahess the form of 
Id H20 LOH +H (10.6) 
a direct electrophilic, attack by the Metal atom on the 
oxygen atom of water. This mechanism has been proposed 
54 5 for the gaseous process between Li(, ) and H 20(g)* 5 
The re. -wtion at the surface then proceeds with the combination 
of adsorbed hydrogen followed by desorption of the kvdrogen 
7711. 
---tion 
(1-0. 
molecule ( Ejr 
-, 
ds 
ý2 (Flds) ýH2 (g) (10-7) 
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v The dissolution step (Erquation 10.8) occurs at the end of the 
reaGaction sequence. 
MOH 
q 
OH (aq) (10.8) 
In the case of reactions of the metal -,,, ith water vapour, 
the above sequence is likely to apply to all of the alkali- 
metals. A significant feature is the cleavage of hydrogen- C; 1 
oxygen bonds, this process being responsible for the observed 
chemilumines: -cencee 
95 The overall reaction is then illustrated 
by the following steps: 
- 
(i) Dissociative adsorption 
HHH 
9---" II 
I I_ 
___ 
I- 
MMMM 
(ii ) Reaction of ad-sorbed kvi-rogen atoms 
HH I----- H 
LI 
MMMM 
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(iii ) Desorption of molecular hydroEen 
H----- H H-H 
II 
MMMM 
In many ways, this dissocicative adsorption of -I: ater 
resembles the reactions of gases with the transition. 
metals e. g. NTH 3 is co-ordir-71ted v. -ith the metal surface tHrough C9 C-)7 
N and H during dissociative adsorption 2""; ý' and reactions 
of alcohols with such metals is accompanied by 0H bond 
cleavage. 
c18 
The adsorption and desorption of hydrogen 
on an alkali -Tnet, -:: i. 1 surface can likewise be compared with the 
same process on transition metals. 
(71enerally, the reaction with w-f: ter vapour -ýiill be inhibited 
by the presence of a product film. Film craýcking may occur, 
as it does -v: -ith solid lithium. 'Until such a stage is 
reachedq however, the rate of reaction will be determined 
by the rate of diffusion of reactants through the product. 
10.3.3. Summa 
' into In the present work, the injection of liquid Kal. 
i- m--tal wC-; Aer is accompanied by ir; iT-edi, --: 
-'Ue dissolutulcn of 
the 
-7 ý in the 
, -Vlater to produce 
hL-, 
-ý-Lrý-. ted electrons and cations. 
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The electrons react quicli--ly U 
,, 
one -ý., ith anothcý-rj and do riot 
penetrate far into the solution. The build-up of reaction 
products in the vicinity of the jet may hinder further 
dissolution. The gaseous product, hydrogen, collects in 
the vicinity of the jet and forms an envelope around 
the metal. The hyd-roEen serv-: ýs to Droteý-. t the metal from 
the liquid water but itsell reacts to form hydride. H. 
-rdrogen 
bubbles form around individual cý-lobules from the metal 
jet. Reaction continues within the hyd-roE-en bubble but there 
is limited contact between the globule and the bubble wall. 
Within the bubble, reaction between metal and water vapour 
also occurs, and this is necessarily through dissociation of 
the water molecule at the metal surface to produce hydrogen 
atoms without passing through the solvated electron sta-ge. 
Additional hydrog"en is liberated in the bubble by the hydrolysis 
of metal hydride. Alkali in the water has little effect 
on the rate since the OH ion is not attacked- by the solvated- 
electron. Jýddition of H30+ increases the rate due either to 
electron transfer to this species at the metal surface, or 
to the faster reaction of the solvated electron w, ith it. 
Anions have little ef fect except when at high concentrations 
when reduction may occur. 
10-4 APFLIO-"ýITION TO F. B. R. CIRCUITS 
Fast nuclear reactors using liquid sodium as coolant are 
desi-Ened so that in the event oj- a leak across the heat 
exchanger, water or steazn is forced into the 
liquid metal 
L rather than vice-versa, and tYds, of course, is 
to avo-d 
explosions associý--ted with the ,,, -, f-: ter 
(e--cessý-metal r-ýaction. 
It has been o- bserved on occasions ho-, %ever, th--. t cLes-, -)ite 
163 
this pressure differential, there is still a backa%, ard flow or 
creep of metal into the water, and this makes the present 
work relevant to nuclear reactors. The results described 
in this thesis indic--te that: 
- 
(1) 
(3) 
A small proportion of metal entering water coolant 
reacts immediately, but the majority of the metal 
is encapsulated in hydrogen bubbles which carry 
the metal a considerable distance from the leak 
or source of injection. 
The rate of hydrogen generation, which may be 
taken as a measure of the size of a le, -d-,, is 
complicated by hydride formation at the initial 
metal-ý, -ater interface followed by hyd-ride 
hydrolysis in the hydrogen bubble as it travels 
away from the leak. Thus generation of some 
molecu-1ar hydrogen is transferred to a point 
well away from the leak. These points may 
influence the positioning of hydrogen leak 
detectors. 1-Toreover, the total reaction cannot 
be monitored by hydrogen pressure surges. This 
has already been proved for the Inetall side c_fL' 
a steam generator and now seems to apply to the 
? water' side Ls well. &, fter an initial pressure 
surge, the further release of hydrogen may be 
gr, Tdual due to the formation and subsequent 
7 hydrolysis of sodium or TaK hydride, depending 
C11-C 
on the coolant. ; 
-ccord-ir-c- to Hurd? 
` ho-ý,, ever, 
the h3yrdroi-vEis of ide is co--risid-erably more 
violeht than hy(irolysis of metal, thereby inducing 
a second, delayed pressure surge. 
PH 7 in boiler -,, -ater should I.: inor deviations 
rot have a marked effect on the rate of reaction 
should a leak occur. '6, 'ith the dissolved ions 
Fe 3+ and Cr 
3+ in thýý 
-_-_ttery h_c-. -. e_ver1 there 
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be prevention of product film formf-ýýtuionj le, 
--. 
di-L-rr to 
the increased- mixing of the reactan', sl and 
enhanced reaction rates. 
__ 
*5_ FURTH_-ý, 'R -'ý,; ORK 
Reverse (Water-4-E-etal ) in ections 
Since the main process occurring in a heat exchanger 
leak- is the injection ol water into metal, it is pertinent 
to consider how this may -be set up studied on a laboratory 
scale. Naturally, much dat-_: ý is already availarble for full 
scale reactions of this type, in which L-IiI. F. B. R. steam, 
genera. tor leakcs are simulated under operating conditions 
10 i. e. high temperaturess and --pressures. ' Scale models 
o these generators have been built for this purposes 
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These investigations were concernea with temperature rises, 
pressure surges, the corrosive nature of solutions of products 
and the plugging in flowing systems by solid products. 
On a small scale, however, it would be interesting to see 
if there i,, ýas any separation of the reactants by hydrogen 
as occurs in the injection of metal into viater. Hydrogen 
would now encapsulate a water cT, -lob, -, 
-le instead of a metal 
sphere (see Ficgýres 2-3 and 2.4). The opague problem in 
observing the bulk metal may tackled in different iý. -ays: 
(1) Injection of 
-ý---to a very glass 
,a walled cell, containing 1-, K or Bubbles 
that form would then be visible, and could be 
recorded photographically if tulae-! r cliameter 
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was greater thean the width of the cell. It seems 
possible to count the number of bubbles produced 
in a certain time, measure their average size, 
and kno-ming the f low rate of water into the reaction 
vessel, come to a measurement of the rate of reaction. 
There are, however, many complicating issues. For 
example, the hydroE-en bubbles might also contain 
appreciable qu: 
-7. ntitie-- of -v. -ater vapour, thereby 
increasing the apparent production of hydrogen, 
pour , ý[-nd giving a contribution from the metal-water va-. 
reaction. The method also would not give any 
indication of the nature of bubble formation 
ad the jet, but would only show up the completed 
bubbles when they reach the appropriate size. 
(2) Observation by radiation other than visible. 
There is a 'windowl in the far ultraýuAolet region 
of the electromagnetic -spectrum, in which the 
alkali-metals are transparent to radiation. 
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Hence ultraviolet transmission pictures seem 
possible. X-rays also pass th-ro"I 1 thin films I- 911 
of the metals. The mass absorption coefficients 
of the are Fho-, -L-i in TF-. ble 10-1. Cle, ---rly 
silv, er gives the most penetrating X-rayss for the 
alkali-metals but molybdenum targets are more 
readily available 
Using 1,, -oKa 
, 
intensity 30kv/20 mA, sý-,: i  -, ples of the alkali- 
metals sodiumi potassiumv caesiu, ý-i and -",,, aK proved virtually 
transpc-: z, r,,, nt to X-rays when 
the source was -placed P. djacent to 
E res of 1-2 glass vessels containing the metýýls. Ix-posure tir. - 
seconds completely blaclkered sections of 
the film 
-,,, -hich were 
sealed in bl--. cl-, paper folders and 
tua-ped to the reverse 
surface of the glass. The path 
length of metal was approxi-A-i-Aely X, 
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TABLE 1 ý). 1 
1"Letal 
At. No. 
Aý. 
- 
k 9ý 
_ O'C5609 nm 
TdOkac 
C)*()71()l 
Cuk o( 
0,15418 nm 
Ni k cx 
0.16591 nm 
Fe k c4 
0*1ý373 nm 
Cr kcK 
0.22909 
TIO: -, CO) -' 07 TF2, 
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Li Na K Rb Cs 
3 11 10 37 55 
0.18 1-75 8-05 48.2 23.6 
0.22 3.36 16-7 
. 
94-4 43.3 
30.9 143 1 O'C' 
.1 347 
3-11*9 179 132.9 410 
56.9 269 197 579 
92-5 4-25 3 0.0 844. 
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30mm- 
-, ý'ith radiation from the s-, 
--, me source, LiO ka I at 
intensitY 40kv/20mAy 1-ýaK proved ss e, -, i 
-t rans parent i. e. the 
film darkened but did not turn completely blaclýq when 
the source was removed to a distance of 300 mm from the 
sample. The exposure time in this case was one sedond. 
ý, 
--, Then argon filled tubes were immersed in the liquid metall 
under the same conditions as above, the shadowed shape of 
the tubes could clearly be made out from the developed film. 
These shapes appeared as areas of blwck in a field of light 
grey. The difference in absorption coefficients then, 
between NaK and argon, is sufficiently great to distinguish 
between metal and gaz bubbles. 
kethod (2) is 
-not 
-enti more useful, therefo---., 
for a detEiled observation of the situation of a 
,,, ater jet 
in liquid NaK. Prior to studying the reaction via X-ray 
shadows, the feasibility of squ-irting water into 1. aK was 
investigated. 
A re, ýýxtion vessel (Figure 10.1) was designed and built 
along the lines of the vessel for metal )water injections 
(Figure 3*3)- Some important modifications, however, -,,, Terd 
necessary. The ground glass tý'DS -7ere replaced i-ý. 7 Jth 
-- 
1, -- lu 
greaseless taps, and the injector was joined directly to 
Uhe vessel, dispensing ,. -: Lth the ground glass joint. The 
to-p of the vessel now consisted of a tap (A) with adaptor 
to fit the NaK filtration apparatus (Figure 3.2). - Draining 
the vessel after use was n-aturally not so straightforward 
as before, so a ground glass 
joint (B) iias fitted so as to 
allow drainage into a closed arg-on-filled vessel. 
The 
injector (C) was of the same pattern as used previously, 
with the oinission of the sintered Elass filter. 
It 
f 
-L- -L 
1 
-. -hich compri sed iuued into that p-ý: -. rt of the reaction vesse 
the lobservation cell , ý%-hose dime-n-sions -,, -ere approximately 
50mm x 50 mm x 10 mm. 
(depth). Both the argon cover 
ga, s and that used to supDly the pressure 
for v7ater injection 
-ere scrubbed by bubblin. (ý- throuch lic-u-1d --7, 'al-r- 
(D ý-rid E respectively). 
FIG-10.1 Reaction vessel for H, 
_O---, ), 
NaK injections 
D 
4 
E 
0 
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Water was introduced to the injector via the r-abber 
S'-ýPtum cap (F) usine a2 cm 
3 
syringe and hypodermic needle. 
Two injections of water ware caaý. -, ried out, one immediaýtely 
after the other, into the same bulk metal. The gas pressure 
was 69 KPa for the first injection, of approximately 
0*5 cm. 
3, 
and 30 ITa for the second, of 2 cm 
3 
of water. 
This lower pressure for the second injection gave a longer 
injection time, and hence more opportunity to observe the 
re. -vction. The observations are summarised as follows: 
The reaction was smooth and controllable. 
(b) Gas bubbles were produced, and observed in cont, -a, -t 
with the walls of the tobserv. 
--. 
ýion cell'. 
. 
'ýhether 
these were bubbles of water vapour or product 
(hydrogen) could not be determined, since visual 
observation of the end of the capillary was of 
course not possible. This preliminary experiment 
did not reveal whether all of the reaction took place 
in the vicinity of injection cr whether, as with metal--ý 
water injections, part of the reaction tooký place 
some distance from the site of the injection. 
(C) The solid reaction productsy presumed at this temiper- 
ature to be entirely sc-iium and- potassium hydroxide, 
rose to the surface of the metal as a tslagt. 
(d) The reaction vessel and cop-tents heated up ra-pidly. 
Unlil-: e the system described In -ý)revious chEl-oters, 
heat was transferred quickly from the reaction site 
into the bulk metal due to the greater thermal 
IT 
conductivity of ýaY, over w-ter. 
(e) I'lith the first 1-rjection (butu not the second) a blue 
., 
j 
U I- tion colouration appeared around the site of injecti 
This in the met a! /wat er/hydroxi de re--. -. C 1121 E M1 
sI- and r; Eýad slo,,. -l,, -, from the c: arilla.. 
v 
appeared mainly at the space bAween the met--1 aýnd the 
glass of the reaction vessel walls. This corroborates 
the form;; +-*(-)-n r)f, +1,4-4-----, 14-4-- - 
--- -- - -- -- -1- ý V-LWII 
-LII Uvz;. L-I; z: U-LC-. Utý U (aa) 0 
These experimental reFiult--, when combined i,. -ith X-ra,., 
transmission photoUraphy should allow a thorough examination 
of the reaction between excess liq. -oi-d and liqu-id 
, 
ýater 
at room teýmperatures. 
Cý 
- 
'D rlll-, 
., 
Aý4-4-4 
-- - 
4' 
- k., U 
-L VLI (acr) 
s-nectroscordc observation of the probable intermediate 
e- (aq ) during an alkali-metal/water reaction would proviie positive 
proof that this species is involved. '. 'L'his might be achieved 
by vastly increasing the hydroxide content. It has already 
been noted that the alkali--fnetals are soluble in fused 
sodium hydroxide to give a blue solution, 
68 
the absorption 
I spectrum of , v,, hich would be similar to , but not exactly the 
same as that for the hydrated electrong since the me'L. E. 1s 
dissociate to MI + and e- (solvated ) in both of the above solvents. 
The spectroscopic Lnalysis of solutions in molten salts 
requires special techniques, but is well advanced. 
' 03 
0 
The addition of small quantities of water to such a soluticn 
may give rii-ý; e to the species e (aq), which could exist in 
such a solution for long enouEh to be detected spectroscopically 
at 715 nm. The life of the species would certý-DJ-nly be longer 
in such a solution than in water, es-pecially if dilute 
solutions were prepared. The only major reaction of e (aq) 
'. 
th anot in Eýa, OH(1) would be that ý1u, Lihe. electron (iýjquaation c. 10)) 
since reaction with the species H30 would be eliminated. 
Alternatively, continuous generation of the species by regular 
addition of ,, ýater rf', ay E: -! ve rise to a sat-*Lsfactcrýy spectr-ar-, 
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APPEYDIX SURFACE 
For a2 body c,: ýntr, ý cubic cell, the area of the 100 
Plane is aI ývihere a is the unit cell dimension. The area 
of the 110 plane isJ-2 xa2. The 100 plane contains one 
FIGURE X. 1 B. C. C. U'-, 'ýqT CELL 
- 
1. ), The number of atoms pler square millimetre is atom (4 y 
therefore 1/a2 if a is in millimetres. The 110 plane contains 
two atoms +4x The area occupied by one atom is 
therefore 
_L., 
/2 
-a2a 
2/ 
-, 
/2. The number of atoms per square 2 
millimetre is therefore 2 P- 
2 
if a is in m-illimetres. 
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APFThDIX 'I'LY-IS OF I-, 
-, 
y 7oýý CC)-, I (Chapter 
'M-- 
c, xT)eriment 1 
1.1oles Yap 3-025 x 10 -3 l, ', 'oles K, 2.052 x 10-3 
Total metal 5-08 x 10 
3 
Frame volume 183-0 cm 
3 
Pressure of H2 255-3 mm Hg 
Temperature 22-OOC 
1doles H2 2-54 x 10 -3 t 
Experiment 2 
Total metal 1 8.08 x 10-3 
Frame volume 15'1-4 cm 
3 
Pressure of H2 452*3 mm Hg 
Temperature 20.5 0c 
-3 Eoles H2 4o73 x 10 
2-54 x 10-3 
LIoles i'ai 4-759 x, ö-3. i,., oles K, 3-313 x 10-3 
Experiment 
--3 Total metal, 8.56 x 10 
Frame volwne 156.0 cm3 
Pressure o--f' H2 530.2 mm Fig 
Tern-c, ý-, rature IE*5 0c 
1, ý -3 i, oles H. 4-55 x 10 
4.04 x 10-3 
L,, - 
-3 l, ', Oles Ky 3-37 x 10-3 1,, oles ; a, 5.18 x 10 
4.26 
ted yield from 'he reaction Y, + 7x 
-, ) - (-- L, u L, 
vield from the rc_actui_cn 
+ 
0-73 
c -H 
2 
Experiment 4 
IT Loles Ja, 3.66 x lo * Foles K, 2-46 x 10-3 
Total metal 6.12 x 10-3 
3 Frame volume 216-5 cm 
Pressure of H2 280-3 mrn Hg 
Temperature 21. OOC 
W 
-3 
-3 I-ioles H 3.31 x 10 3.06 x 10 C- 
T71 
Iýx-periment 
. 
11: oles Ya, 5-01 x 10-3 l'oles K, 3-85c x 10-3 
Total metal 8., 00 x 10 -3 
1 S, 1.3 dn3 Frame 
-volume 
Pressure of H2 475.7 mm 
Temperature 22. OOC 
Moles H 
-4--, 
c, 5 x 10-3 12 4.45 x 10-3 
Experiment 
Dloles Ila, 1-71 x 10-3 '-'Oles K, 3-40 x 10-3 L-1 
Total metal 5-11 x 10 -3 
Frame volume 217*4 cm 
3 
Pressure of H2 226.9 mm. Hg 
Tem-nerature 200C 
!, 'oles H, 2-70 x 10-3 2.56 x 10-3 
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Experiment 7 
IýIoles Na 0.60 x 10-3 1,. Loles Y, 0.83 x 10-3 
Total metal 1-43 x 10 -3 
Freine volume 181,4 cm 
3 
Pressu-re of H2 73.5 nun Fig 
Temperature 20*OOC 
o1esH 
ý--0-13 x 
10-3 19-72 Y- 
V, 
10-3 
Experiment 
I'o 1esE 11: 01es K 
Ta, 2.83 x 10 -3 5-78 x 10-3 
Total metal 8.61 x 10-3 
bi rame volume 1c, 2.6 CM3 
. 
11 
Pý-eý-lsu-re of H2 420.7 
Temperature 21*0 0c 
Mo 1esH. 4.42 x 10-3 4.31 x 10 
F. 
-Y-oeriment 
1- -3 -3 
, ý. oles Na, 2.64 x 10 Moles K, 4.68 x 10 
Total metal 7-32 x 10-3 
Frame volume 214-3 cm 
3 
Pressure of H2 322.8 inni Hg 
Temper-ture 20.50C 
I, Ioles H2 3-78 x 10-3 3.66 x 10 
E? ýceriment 10 
T. ',oles Ela 3.27 ". 
-. 
10 -3 
10-3 
Lo 1esY, 3.21 x 10-3 
Total metal 6-48 Y- 
Fraine volume 206-7 cm 
3 
Pressure of H2 281-4 mlm, Hge 
Temperature 18-5"C 
-3 1,1oles H 3.20 x 10 
-2 3-74 x 10-3 
Experiment 11 
1, 
--o 
1es Na 5.62 x 10 -3 1,. 'oles K 3-10 x 10 
Total metal 8-72 x 10 -3 
Frame volume 168.0 cm 
3 
Pressure of H2 457-7 mrn Hg 
Temperature 22.0 0c 
1, -, oles H 4.18 x 10-3 
axr-criý, ient 12 
Koles IN-a 3.89 x 10 -3 
I 
Total metal 6.22 x 10-3 - 
Frame volume lc'3.2 cm'5 
P--essure of H22 81.8 im, 
Temperature 20-OOC 
1ý-', oles H22.98 x 10-3 
-3 
NY 
4.36 x 10 
T 
-3 
.,. 
oles K 2.33 x 10 
\IJ 
3.11 x C-3 
acperiment 13 f 
1,. Ioles Na 4-76 x lo-3 Loies K 4.23 x 10-3 
Total met. -d 8.59 x 10-3 1 
Frane volume 16G. O cm3 
./ . 01 
Pressure of H2 451.6 mm Hg 
Temperature 20.0 0c 
-3 Loles H24. 
_20 x 
10 4-50 X 10 
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APPI]IMIX III DERIVATION OF EC-lUATION 8eY 
In the samplej there are x moles of 1,11 and y moles 
of Idii. On hyd-rolysis: 
- 
xI i'll +H20 x/2 H2 
yiýH +H20 yH 2 
a (total moles of metal) =x+y 
(ii) b (total hyd-rogen) = x/2 
From (i x=a-y 
Sub. in (ii) a/2 - y12 +y=b 
y=2 (b - a/2 ) 
y 
2 (b---a/2 100 T'll 01yy+x 
a 
APPENDIX IV MATEMI.. 'LLS 
ýa) Sodium 
Supplied by British Drug Houses (B. D. H. ) in 5009 
ingots (dry). The major quoted ir,, ipurity , as calcium (0*06901'o) 
with traces of the transition metals iron, copper, 
manganese and nickel (all less than 0.0011,, ý). In addition, 
the surface was contaminated ;. -, ith oxide, hyc'-roxide and 
caxbonate, which had to be cut away under an inert atmos- 
phere, or alternatively, the melted metal was filtered 
through a grade 
-0 sintered glass filter. 
Potassium 
Supplied by Koch Light Laboratories Ltd. The assay 
7 gave K (95-4ý1'o)y Na(O-elol)i Si (0-0%6). The metal w_---s 
in the form of cylindrical rods (ap-nroximately 20g) 
under paraffin oil, sealed in plastic bags. Impurities 
were present in the surface, as v. -ith sodium. 
(c) Argon 
Supplied by Air Products Ltd., with a quotea purity 
of 99.9991/ý,. The impurities of concentration 1 p. p. m. 
6End above were nitrogen (5 p. p. m. ), carbon monoxide (1 p. p. m. ) 
water (5 P-P*m-)i oxygen (1 p. p. me), and hydrogen (1 p. p. m. ) 
For most purposes, e. g. as reaction vessel cover gas, 
the argon cylinder. In certain L-S fed directly f rom the V 
situationsp it was necessary to clean the gas by passage 
through sod1iux:, --Dotassi-Lu,, i alloy. This removed all the 
impurities 
- Tith the exce-Ption o-L nitrogen. 
17! D 
(d) 'i7a. ter 
A-fter through an ion-exchange column, the 
water used was distilled three Itimes: 
(i) from acidic potassium permanganate. 
(ii from alkaline sodium dichromate. 
(iii) from distilled water. 
(e Acids 
The deteils o--F' the acids used in the Dresent i,., ork 
are contained in Table X. 
(f Glass-ware 
The glass capillary was sup-plied by Jencons (Scientific) 
Ltd. as I-JKIFORIV Precision Bore Heat Resista,, A Glass 
Tubing, Cat- No- 3 (0-1 MM)* 
1BO 
TABLE X ACIDS USED III TIL] '. 
-, 'ORK 
Acid HAc HU H2 so 4 JUTO y3 HBr HI 
Source B-t 1, ý' &B T,, 3, porte I, ' &B EACI 1. ' ez B 
A. 
-Isay 9C 
- /0 36c,; c 8ý, 65 55- 
Chloride < 090005% /0 < 0-005c I /, C) 
- 
05"' 
Sulphate < 0.0005% < 0-002% < (), Oicio 0- () 05 
Iron <0. C00 2/"'o < 0.0002cl'o ý0.002"1, D <0.001ýý 
"-r se -Lý, 1c < 0.0002'/ý <0,0001% <0.0002co 
Lead < 0.0002ýý < 0.0002ýý <0.0002-ýo <0- 0005% 
Sulphated Ash C), C)1/0 
Phos-Dhorus 
compound-s 
ý0 0()5'/-- 
!, -,, on volatile 
residue 
< 0.01C/'10, <0.01ý <0 02 
1- ay and Baker Ltd. 
ý- East 
-, 
'-'n-lia Chemicals 
* Chloride 
-' 
Bromide 
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